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THE DEGREE OF DISPERSION OF THE GAS 
PHASE IN FOAM. 


' By N. O. Clark and M. Bhh^man. 

[Communicated by Prof. R. P. Linstead.) 

Received 2Sth March, 1946. 

The degree of dispersion of the gas in a foam appears to be a property 
largely neglected in the literature, but of outstanding importance in 
influencing the properties of a foam. It has been shown to exhibit a 
marked effect on the resistance to radiant heat and on the critical shearing 
stress of such a system.^ The property is, moreover, a fundamental one in 
that the maintenance of dispersion may be regarded as a measure of the 
stability of a foam, and as the most important property in distinguishing 
foam from the simple sum of its constituents. 

We take specific surface as the unit of measurement of dispersion and 
define it as the total surface area in sq. cm. of the gas-liquid interface in 
I cc. of foam. (This is the definition generally applied to dispersion 
of solids. It is not, of cour.se, specific as the numerical value depends on 
the units.) 

Experimental. 

The foams were prepared by the mechanical beating of suitable solutions in 
a brass cylinder by the vertical oscillation of a perforated disc moving with 
constant simple harmonic motion. l*hoto- 

micrographs were taken of the plane of T.\BLE I 

contact .between flat glass and foam, illu¬ 
minated by reflected light of a spectral range 
defined by ])assage through separate .solu¬ 
tions of CuSO^ and KgCrjO,. A 16 mm. 
apochromatic microscope objective gave an 
image on the screen of a reflex J'plate 
camera adajitcd for 2j in. film, permitting 
12 square negatives to be taken in succession. 

Kx])osure.s on a fast jianchromatic film were 
of the order of J sec. with illumination from 
a carlxm arc lamp. The negatives were en- 
larg('d on bromide paper with a standard 
reference circle giving a final total enlarge¬ 
ment of 155 diam. The bubbles in this 
circle were then counted and assigned to 
the following groups according to their di¬ 
ameters. These measurements were not of 
the true diameters of the bubbles in the in¬ 
ternal regions of the foam, as there was some 
distortion due to contact with the glass 
plane. The camera was focussed on the maxi¬ 
mum diameter of the front layer cf bubbles. 

The following method was u.sed for the calculation of specific surface from 
the observed group counts of the bubbles, assuming the meiisured dimensions to 
be true diameters. If rfj, etc., rcpre.sent the mean diameters of the various 
size groups, and Xy, etc., the numbers of bubbles a.ssigned to each, in i sq. cm. 
.>f the observed area, then the number of bubbles of given diameter d^ in unit 

1 Clark, DSJ.R, Chem, Res. Special Rep. No. 6 (H.M.S.O., Lond., 1947). 


Group. 

Actual Diameter of 
Hubble (cm.). 

A 

0*0 

-0*0025 

B 

0*0025 

-0*005 

C 

0*005 

-0*0075 

D 

0*0075 

-0*01 

E 

0*01 

-0*015 

F 

0*015 

-0*02 

G 

0*02 

-0*03 

H 

0*03 

-0*04 

J 

0*04 

-0*06 

K 

0’o6 

-0*08 

L 

o*o8 

-0*12 

M 

0*12 

-0*16 

N 

o*i6 

-0*24 

0 

0*24 

-0*32 

P 

0*32 

-0*48 


I 


I 



2 DISPERSION OF GAS IN FOAM 


depth was i to a first approximation. The number of bubbles in unit volume 
of the foam was 




ana the surface area in unit volume of foam 


(Ml + + ...)• 


The absolute accuracy of the method must therefore depend on the increase of 
maximum diameter arising from distortion of the foam by the glass plane. It 
must be admitted further, tHlt an assumption is made that the layer next to the 
glass is a representative section. The root mean square error of 8 successive 
similar observations was 3 %. 


Results and Discussion. 

Fig. 1 gives a typical experimental curve, showing the change in specific 



Fig. 1 Specific Surface in sq. cm./cc. 

X F.xpt. results from a protein hydrolysate (s % P.W.). 

O Theor. points, A = 4 x lo"®. 

.surface with time, using a foam prepared from an aluminium protein 
ydrolysate solution (5 % P.W.). Let us consider the mechanism by 
which such changes may occur. The que.stion of bubbles ceasing their 
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existence by bursting does not arise in a closed system, and was certainly 
not observed during the period of time covered by Fig. i. The most 
important change to be noted was a tendency for large bubbles to increase 
in si«'e, and small ones to decrease in diameter to the point of actual dis¬ 
appearance. By taking a series of photographs at short time intervals 
this process was followed, identification of the individual bubbles being 
made from their geographical position. The 6 photographs on plate i 
were secured from the same foam sample at ages of 3, 4, 6, 8, 10 and 12 min. 
respectively. We believe that the qualitative observation of this phe¬ 
nomenon is not original. 

The pressure of the air in relatively small bubbles is higher than that 
in the larger ones and the bubbles arc separated by a very thin film of 
fluid. Diffusion of air will take place from, the high pressure region (small 
bubbles) to the region of lower pressure (larger bubbles). The smaller 
bubbles will disappear and the larger will grow. 

A detailed theory would have to take into account the average environ¬ 
ment of a bubble of radius r, as well as the distribution function (the 
number of bubbles between radii r and r -f dr).* We suppose a bubble 
of radius r to be surrounded by a thin layer of liquid ; the concentration 
of air in the liquid is that for a pressure excess of ^Tr^, where T is the 
surface tension of the liquid and is the average value of the inverse 
radius. The way in which this average is to be taken will be discussed 
below. The pressure difference between bubble and liquid is 

2r(r-» - rj). 

The diffusion of air between bubble and liquid must be proportional 
to this pressure difference. The change of the number of molecules N 
per second in the bubble can be written as 

dN , 

— .2T(r-^ ^ r^) . . . (i) 


where (7 is a quantity still to be determined. If V is the volume of the 
bubble, and P the total pressure inside the bubble, 

PV = Nke, 

where 0 — absolute temperature, k = Boltzmann’s constant. If N 
changes at constant temperature, 

VAP + PAF - kOAN. 

Now p -}_ 2T/r, where po is the atmospheric pressure. Hence 
2'J' 

AP —-where Ar is the change of radius associated with a change 

AN in N, and AV — ^rrr^Ar. It follows that pQ^nr-Ar — ANkB 
(if T/r< p^), i.e. 

2T{r-^ - 
Po 

In the limit of small changes. 


dr 

di 


Gk 9 




( 2 ) 


The calculation of G could be performed, at any rate approximately, 
if we were dealing with air bubbles in a normal liquid. In this case, 
however, an extra factor to be considered is the surface layer; this has 
a marked influence or the diffusion of air and the value of G must therefore 


• This method of averaging the pressure excess for all the bubbles was 
suggested by Dr. W. G. Penney. 
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be determined from experiment. Equation (2) will be written in the 
form : 

.(3) 

The next point to be considered is the determination of the average 
We note that the foam is at constant external pressure and (to a close 
approximation) at constant temperature. We would therefore expect 
the total volume of air to remain constant, though a redistribution takes 
place. Dividing the bubbles into a number of groups (iV, being the number 
of bubbles of radius r,), the change in r^, (Ar,), in time A/ is given by {3). 
The condition for is, then, that 

AK = 2 = o.(4) 

« 

This fixes at a given time, but it is clear that the value will change 
with time. The following procedure is therefore adopted. The initial 
bubble distribution is arranged in groups, as stated above (this grouping 
being provided by the experimental data). The number iV, in each set 
is fixed, but the radius r, changes with time. Assuming that remains 
reasonably constant over a certain time interval, the equation (3) can 

be integrated. Writing { = —, (3) becomes: 


d{ A' / i\ { 

at"" rl^V U I 


the solution is 


+ log (!-{)-—<- A, (( < I). . 


We are concerned first w'ith f < i where the integrated form of the 
equation is used. The value of is obtained from the initial value of 
Considering the bubbles of smallest size (s = o), it will be seen that Aq 
is positive and that at a certain value of f, J© "vvill be zero, i.e., that bubbles 
will vanish. The equation (5) holds, it is true, only for constant. 
The operation is performed, therefore, in several stages, at each of which 
the change in is calculated. For all bubbles except the smallest, the 
differential form (3) can be used. The new value of is then calculated 
and the operation is repeated until is zero. Once the smallest bubbles 
have disappeared, the calculation is repeated with the remaining sets 
until only one .set remains. The number of sets should be chosen in such 
a way that the experimental time range is covered before only one set 
remains. The approximate theory would give no change in the bubble 
size after this stage ; this is, of course, due entirely to the sub-division 
into a few groups and it cannot be expected that the theory at the last 
stage would be in agreement with experiment. For the same reason, 
the theory cannot be expected to give a good representation of the dis¬ 
tribution function. It should be able to represent the variation of the 
specific surface, which is less sensitive. 

With a value of A — 4 x 10 ® e.g.s. units, the curve (for the specific 
surface) is shown (Fig. i) together with the experimental points. It will 
be seen that the agreement obtained is reasonably good. This theory 
implies that resistance to the transfer of gas resides largely in the super¬ 
ficially absorbed film, the factor K in equation (3) being an inverse measure 
of this resistance, and the possible basis of an absolute definition of foam 
stability. 

It was to be expected from equation (3) that if the reciprocal mean 
radius was exceeded by an individual bubble, that the rate of change of 



Bubble Diameter (cm.) 


N, 0. CLARK AND M. BLACKMAN 5 

radius would be positive, while if the individual bubble radius was less than 
the mean, a decrease with age would follow. By following the changes of 
a number of bubbles, a family Of curves was expected, each member 
diverging from a mean horizontal line (for the mean bubble) showing 
increasing slope (positive or negative) with increasing age. A study of 



a random number of bubbles in a ferrous protein hydrolysate foam 
(5 % NP) did not lead to the expected result but gave a series of curves 
(Fig. 2) with slojjes, in general decreasing with age. It is believed ^ that 
such protein solutions exhibit a rather low rate of absorption of active 
material into the surfaces of their solutions, and the probable explanation 
of the results lies in a decrease of the constant K with age and in surface 
tension changes. Some confirmation of the validity of these deductions 
was obtained by a similar examination of foam from a material (sodium 
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isopropylnaphthalene sulphonate and hydrolysed glue) known to be 
rapidly absorbed on the surface of its solutions, and the results confirm 
the theory. The curves of Fig. 2 and 3 show considerable overlapping, 
probably a result of local variations in the value of the reciprocal mean 
radius. 

The reception factor G of equation (i) might be expected to be a function 
of the solubility of the gas, and some measurements of specific surface 



1"IG. 4 . 

changes in a series (jf foams prepared from an aluminium protein hydro¬ 
lysate (5 % P.W.) with a few gases, illustrate the effect to be expected 
from variation in the solubility of the gas phase (Fig. 4). 

Wc have paid little attention in the above discussion to the distribution 
of bubble sizes. It is important to realise that the distinction between 
a freshly prepared and an old foam (from a structural point of view) lies 
in the similarity and divergence respectively of the bubble sizes in the 
two cases. Fig. 5 gives an indication of the change with age in the con¬ 
tribution to the total specific surface made by the various size groups 
for a ferrous protein hydrolysate solution (5 % OJ) and for a soap solution 
(5 % NU). New foam appears to be largely homogeneous. 

Ross 2 has observed in a number of experiments on foam drainage, 
that a logarithmic law relating liquid content to age, was followed after 
a certain initial period. The failure of the law in this initial period was 
probably due to the change in free liquid between the bubbles resulting 
from changes in the relative numbers in the size groups. 

* Ross, /. Physic. Chem,, 1943, 47, 266. 
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Fig. 5. —Mean diam. of bubble group C.M. 

(Numbers refer to age in min.) 

The authors thank the Research and Experiments Department, Home 
Office, and Professor R. Linstead, F.R.S., Director, C.R.L., for permission 
to publish, and Dr. W. G, Penney for assistance. The theory of page 3 
is due to one of them (M. R.) and the other (N. O. C.) is responsible for 
the rest of the work. 

Summary. 

The specific surface of a foam is defined and its change investigated over a 
period of time. The mechanism of the change appears to be a transfer of gas 
from a high pressure small bubble to a low pressure large one. A theory of this 
process is presented, and confirmed b^^ measurements of individual bubbles in a 
foam atmosphere and by the substitution of gases other than air. 

Chemical Research Laboratory, Imperial College, 

Teddington. London. 


THE TRANSMISSION OF LIGHT 
THROUGH FOAM. 

By N. O. Clark and M. Blackman. 

(Commtmicated by Prof. R. P. Linstead.) 

Received 2 Sth March, 1946. 

It is well known that the comparative opacity of disperse systems is 
due to the scattering of incident light by multiple reflections and refrac¬ 
tions. The loss of light on transmission tlirough a layer of foam is ex¬ 
plored here as a function of the degree of dispersion of air by the method 
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described in an earlier paper. ^ The loss of light is expressed in terms of 
the ** loss factor ** which we define as the ratio of the incident to the 
emergent light. 

Experimental 

The incident light on the foam was provided by a 6 v. 6 w. bulb in a para¬ 
bolic reflector with current supplied by accumulator cells through a rheostat. 
The foam cell, i cm. internal thickness and lo cm. external diameter, rested on 
a horizontal platform perforated with an 8 cm. diameter hole, beneath which 
was supported a photo-cell of the selenium rectifying type connected to a low 
resistance microammeter (120/ta, 45*5 Q). The selenium cell was circular and 
of 27 sq. cm. area. Standardisation of the light was achieved by continual 
reference to an opal glass screen placed in the position of the foam cell where 
the light was adjusted to give a value equivalent to a full scale deflection with 
the empty foam cell in position. The microammeter reading in such a system 
was known to be directly proportional to the light incident on the cell, so that 
the ratio of the full scale deflection to reading with foam in position gave directly 
the loss factor. 

Two types of foaming agent were used in aqueous solution, the first (referred 
to as NU) was a solution of a potash coconut oil soap (containing glycerine) 
with about 30 % total fatty matter ; the second (referred to as OJ) was a solu¬ 
tion containing about 30 % total organic matter. The first in dilute solution 
(5 %) showed negligible light absoq)tion, while the second at a similar concentra¬ 
tion appeared a deep brown colour. 


Results. 


Foams were ] 

prepared ^ from four solutions, and in Table I are listed the 

concentrations of these solu- 
TABLR T tions, the expansion factor of 

Solution. 

Expansion 

Factor. 

the respective foams (i.e. the 
ratio of the volume of foam to 
in I cm. Foam. that of the contained liquid) 
and the loss factors of layers of 

5 % NU 

5 % OJ 

3 % OJ 

2 % OJ 

12*4 

10*9 

10*1 

9-5 

liquid equivalent to i cm. depth 
I'oo of foam. 

1*35 Fig. I gives the relationship 

1-07 between specific surface ' and 

1-04 loss factor for these foams with 

no correction for liquid absorp- 

tion. lug. 2 incmues a airect 


correction for the absorption of the contained liquid. 


Discussion. 

The relation between specific surface and loss factor appears to be 
linear and for a non-absorbent liquid there is a proportionality between 
specific surface and (loss factor — i). The method therefore provides a 
rapid means of measurement of specific surface. 

The light entering the foam undergoes a series of refractions at the 
boundaries between liquid and air; in addition to this, there is some 
scattering due to the liquid itself, and in most cases a true absorption of 
light as well. The detailed consideration is complex and to simplify the 
problem, approximations have to be made. 

The essential part of the scattering by light of a foam seems to be total 
internal reflection which occurs when the light strikes the air-liquid 
interface at an angle greater than the critical angle ; a fair proportion 
(approx. 25 %) of the light striking a bubble is deviated into a direction 
roughly opposite to that of incidence. The effect of the air-liquid bound¬ 
aries is simulated by a set of parallel planes of liquid ” per cm. of foam 
(which would be equal to the number of layers of bubbles were these 
uniform and suitably packed) and is obtained from an average diameter 
of the bubbles; this is calculated from the data on specific surface. 

1 Clark and Blackman, Trans. Faraday Soc. (previous paper). 
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The theory for a transparent foam is given below. The intensity of 
the light incident on the first layer is taken as unity. 

r, (i-f)T„ (r-/)r,(i-r.) (i-/)»(i-r,)r, (i-/)«(i-r.)«r. 

(w-f i)thlayer 


fT. /(I -/)(i - /(I -/)*(! - 

The fraction of this, transmitted through n layers, is termed ; 
since end effects are neglected and the absorption is zero, the amount 
reflected " is i — T*. Consider now what happens when the (n -f i)th 
layer is added. A fraction fl\ is transmitted and (i — /)T„ reflected; 
of this (i — r«)(i — /)r« returns since the n layers will reflect back a 
fraction (i — r«). The fractions transmitted in the successive stages 
can now be calculated as indicated in the above diagram and the total 
fraction transmitted through (« — i) layers, r„+i, is given by the following 
relation 

=/r. +/(i -/)(i -r.)r, +/(i -/)«(i - rjT, + . . (i> 

-/r,/[i - (I-/)(i - 2-„)]. 

This gives a recurrence relation between and r„+i. Defining now 
the loss factor equation (i) becomes 

I ~ (I ~/)(l - . . . (2> 

or /Ln -f ( I -/) 

i.e. L„+i = L„-f (I -/)// . . (3) 

This relation shows that a plot of against n will lead to points lying 
on a straight line ; this is in accord with the experimental results found 
for soap foams, with a value of / = 0-87. 

It should be noted that this simple form of the theory would have 
to be altered if very much thicker layers of the foam, than those actually 
used, were to be considered. Since there would be a progressive diffusion 
of the light towards an almost spherical distribution the value of / would 
be expected to alter gradually and to become larger; the L„/« curve 
would then cease to be a straight line. 

When the absorption of a foam is taken into account, the treatment 
has to be altered slightly. It is assumed that one is dealing with a fixed 
average absorption coefficient for white light, or with a definite absorption 
coefficient for monochromatic radiation. An experimental point to note 
in this connection is that where photocells are used, and the foam absorbs 
in a region of high sensitivity for the photocell, care has to be used in the 
interpretation of experimental results. Further, the total absorption of 
the foam will be appreciably larger than that of the solution from which 
the foam is made, because the diffusion of the light introduces longer 
absorbing paths in the liquid. 

The same general method is used as before, and an absorbing factor 
per layer is introduced in the following way. The fraction of the incident 
light transmitted by a single layer of equivalent liquid is written as 
f(i — q) q is termed the absorption factor ; this can always be assumed 
to be small compared with unity. The fraction “reflected'* by the 
layer of “ liquid “ is taken as (i — /)(i — q) since the path will be roughly 
the same for “ transmitted “ or “ reflected “. 

The total fraction of the incident light transmitted through n layers 
is again denoted by Tn ; the fraction “ reflected “ by We can obtain 
and fiy considering the effect of adding an (« + i)th layer. 

ipT, ipRnTn \P^RnTn ^P^R^T, 


(n -f i)th layer 


laT, 


i O^PRnT^ 


I oiP*RlT,, 
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Putting a — 5 )* /5 ?= (i — /)(i — ?). it is seen that initially an 
amount ocTh is transmitted and fiTn ** reflected by the (« + i)th layer ; 
an amount RnPT^ of this will btt reflected'' back by the n layers and 
this will impinge on the (n 4- i)th layer; of this oiRnPT „ will be trans¬ 
mitted and P*RnTn reflected ; the series can now be worked out, and 
the total amount transmitted, can be seen to be 

T.^,^OLTJ{l^pRn) .... ( 4 ) 

It is now necessary to find a recurrence relation for It can be 

seen from the above Vagram that the contributions to Rn+v apart from 
Rn are 

pn + P^RnTl^ P^RITI+ . . . = PTlKi - pR^) 
and = i?n + PTl/{i - pRn) • • • ( 5 ) 



Fig. 3.—Loss of light in an absorbing foam. 

A : I := o'ooi ; B : £ ~ 0*002 ; C : q 0*003 I 

D : q — 0*004 I E : ^ = o*oo6 ; F : g = 0*010 ; 

G : Expt. curve for 2 and 3 % OJ foam ; 

H : Expt. Curve for 5 % OJ foam. 

These two relations sufhce to allow the loss factor L„ — to be 
worked out, once the parameters / and q are chosen. As an example, 
the value of / is chosen to be the same as that for our soap solution, i.e. 
/ = 0*87 and the values of are worked out for n = i to w = 70 for 

values of q ranging from o*ooi to o*io ; the results are shown on the 

accompanying curves (Fig. 3), The experimental results have been plotted 
in the same figure for 2, 3 and 5 % OJ foams. The 2 % and 3% foams 
seem to give points lying on the same line. 

The absorption per layer for these foams was also calculated from data 
on the solution; taking the foams of highest specific surface, which 
correspond to w = 80. the q values from the data on solution are re¬ 
spectively o*00060, 0*00088, 0*0036 if no corrections are applied. It will 
be seen immediately from the curves that the q values suggested by the 
theory are much larger, and further that one might have expected, at 
first sight, an appreciable difference between the 2 % and 3 % foams. 

All the experimental points for a given type of foam (e.g. for the 5 % 
OJ foams) were obtained from one specimen which was allowed to age. 



12 TRANSMISSION OF LIGHT THROUGH FOAM 

This means that the various experimental points on the 5 % line ase all 
characterised by the fact that the total amount of absorbing material 
remains constant (neglecting the drainage). This means that nf should 
remain constant where n is the number of layers ; the decrease of specific 
surface with age is represented by the decrease in n, and nq is proportional 
to the total amount of absorbing material. The test of this relation is 
given below. 

'J ABLE IT. —Test of the Constancy ng. 


5 % OJ Foam. 

2 and 5 % OJ Foam. 

n. 

1 

nq. 

ft. 


nq. 

45 

0*0092 

0-444 

45 

0*0060 

0*270 

50 

o*oo88 

0*440 

50 

0*0057 

0*285 

55 

o*oo8o 

0*440 

60 

0*0048 

0*288 

Oo 

0*0075 

0*450 

70 

0*0040 

0*280 

b 5 

0*0066 

0*429 

80 

0*0036 

0*288 

70 

0*0060 

0*420 




80 

0*0055 

0*440 





The ^ values, it should be remembered, are taken from the theoretical 
curves (Fig. 3). The constancy of the nq values indicates that the value 
chosen for / cannot be far from the correct value. The marked difference 
between the q values obtained from the absorption of the solution, and 
those for the foams must be attributed to the increased absorption intro¬ 
duced by the larger paths taken by the scattered radiation in the foam. 
This can be investigated in the following way. Radiation downwards 
from the top end of one layer is assumed to have an intensity/(0), where 
B is the angle made by a ray with the vertical direction. The effective 
absorption q per layer then becomes 

_ e-« ■«<> sin Ode 
J”^*/(0) sin Odff 

where q is the absorption per layer which would be deduced from experi¬ 
ments on the solution ; if the radiation were mainly forward and q small, 
then q ^-q. 

In the extreme case of f[B) = const., i.e., in an isotropic distribution 

q j ”^*(t — ®ece) sin Odd — |J(i — e“'«/*)d2: 

taking q — o*ooi, the integral has a value of 0-0058, and for q — o-oi 
of 0*0043. Fov f {B) — cos ^B the value of q turns out to be almost exactly 
1*5^ over the above range of q values. The relation between q and q 
for the actual foams is given below. 

TABLE III. —Effective Absorption per Layer. 


Solution. 

5 - 


5 /^- 

5 % OJ 

i 

0*0055 

0*0036 

1*5 

3 % OJ 

0*0036 

o*ooo88 

4*1 

2 % OJ 

0*0036 

6*00060 

6*0 


The conclusion seems to be that the scattered light is (after the first few 
layers) almost uniformly distributed for the weakly absorbing foams but 
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tends towards a cos*^ distribution when the strength of the solution 
increases from 2 % to 5 %, 

The authors wish to thank ** F Division, Research and Experiments 
Department, Home Office, and Prof, R. P. Linstead, F.R.S., Director 
of the Chemical Research Laboratory, D.S.I.R., for permission to publish. 
They also wish to record that the theoretical interpretation of the results 
is due to one of them (M. B.) and the experimental work to the other 
(N. O. C.). 


Summary. 

The relation between specific surface and loss factor for foams prepared from 
a non-absorbing solution has been investigated experimentally and theoretically 
and found to be simple. For such solutions therefore a simple method of ob¬ 
taining the specific surface of a generated foam is available. Absorbing solutions 
present a more complex problem, and it appears desirable to attempt the choice 
of a light wavelength suffering little absorption by the liquid. The method in 
Its present form can be used as a means of specific surface measurement wuth 
suitable calibration when the foams are generated from absorbing solutions. 

Imperial College, Chemical Research Laboratory, 

London. Teddington. 


THE ELECTRICAL CONDUCTIVITY OF FOAM. 

By N. O. Clark. 

{Communicated by Prof. R. P. Linstead.) 

Received 2Sth March, 1946. 

In the study of foam systems, the expansion factor, i.e. the ratio of 
foam volume to volume of contained liquid, is a property of fundamental 
importance. The work described below was undertaken to provide the 
data necessary for its determination by the simple (and continuous) 
measurement of electrical conductivity. The method appears to have 
been used independently by Miles, Shedlovsky and Ross ^ who, however, 
do not seem to have investigated a range of foaming agents showing a 
variety of values for their specific surface, nor have they made measure¬ 
ments over a wide range of expansion factors. 

Experimental. 

Foams were prepared by mechanical beating from solutions of the following ; 
(a) a mixture of acid hydrolysed glue and sodium isopropylnaphthalene sulphon- 
ate; (6) a ferrous protein hydrolysate; {c) a potash coconut oil soap; (d) sodium 
alginate with sodium isopropyhiaphthalene sulphonate; (e) sodium alginate 
with saponin. The sodium alginate mixtures provided foams of sufficient 
stability in the low expansion factor range. 

Measurement of the ratio of the resistivity of foanf to that of solution, was 
made directly by the inclusion of two cells in the arms of a Wheatstone bridge, 
using current at 1000 c.p.s.Vith a cathbde-ray tube detector. The conductivity 
cells were prepared in glass with bright Pt electrodes. The foam cell consisted 
of a J-in. diameter tube in which two electrodes, curved to fit the tube, were fixed 
opposite to one another and midway along the tube. Their dimensions (1*5 X 4 
cm., and length of the tube, 18 cm.) precluded any serious dependence of cell 
constant on any extension of the foam column. The foam was pushed along 
the tube in a continuous column and removed flush with each end, while the 

1 Miles, Shedlovsky and Ross, /. Physic, Chem., i945» 49 » 93- 
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tube remained in a horizontal position. The solution cell was a f-in. diameter 
U-tube, and in the arms were electrodes 1*5 cm. square. The specific conduc¬ 
tivities of the solutions were in ohms”^ cm.-^ approximately : 


sodium fsupropylnaphthalene sulphonate.o»ooi8 

ferrous protein hydrolysate.0^0051 

soap.0*0024 

sodium alginate with sodium ijopropylnaphthalene sulphonate . 0*0020 

sodium alginate with saponin ....... 0*00020. 


The densities were determined by weighing a small measured sample of the 
foam. 


Results and Discussion. 


The results (Fig. i) indicate a regular relationship tietween the ex¬ 
pansion factor and the conductivity ratio of a foam. The approximate 



Fig. I. 


values of specific surface (sq. cm./cc.) ® for the foams are included in the 
diaigram, and show that the relation.ship is not appreciably affected by this 
factor, or by the nature of the solution. It is concluded that the results 
provide a satisfactory basis for the measurement of expansion factor by 
electrical conductivity ratio, within ±4%, 

The author wishes to thank the Home Office, Research and Experi¬ 
ments Department, and Professor Linstead, F.R.S., Director, Chemical 
Research Laboratory, Department of Scientific and Industrial Research, 
for permission to publish. 

Summary. 

The electrical conductivity ratio between a foam and its generating solution 
has been measured for a variety of foams, and the relationship with density ratio 

•Clark and Blackman, Trans. Faraday Sac. (in press). 
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determined. It appears to be independent of the nature of the foaming agent 
and of the specific surface of the foam and conductivity ratio may therefore be 
used as a measure of the density Mtto. 

Chemical Research Laboratory, 

Teddington. 


THE CONSTITUTION OF THE MAGNESIUM- 
INDIUM ALLOYS IN THE REGION 20 TO 50 
ATOMIC PER CENT OF INDIUM. 

By G. V. Raynor. 

Received 'lyrd July, 1946. 

The factors affecting the formation of primary solid solutions of 
certain elements in magnesium were discussed by Hume-Rothery and 
Rajmor.i Of the elements of Group IIIB of the Periodic Table, gallium 
has an unfavourable size-factor with respect to magnesium, while the 
size-factor for aluminium is on the borderline of the favourable zone. 
Indium and thallium have favourable size-factors, but solid solution 
formation is somewhat restricted for thallium by an abnormally steep 
fall of the solidus curve. This abnormal depression of melting point 
appears to be common to solutes of the third long period of the Periodic 
Table.2 Indium is therefore the only trivalent solute for which normal 
behaviour is expected. During an experimental study of the primary 
solid solutions of the elements of Group IIIB in magnesium,® the solid 
solubility curve for indium was found to show a marked change in 
direction at approximately 327® c., in contrast to the solubility curves 
for the remaining elements, which showed a regular decrease of solubility 
with falling temperature. 

No clue to the reason for the direction change was found in the primary 
solid solution, and it was concluded that it was due to some transformation 
in the second phase with which the solid solution was in equilibrium. 
To obtain further information, the work was extended to cover the range 
20 to 50 % indium.* Although it was originally intended to investigate 
the whole system, circumstances necessitated the discontinuance of the 
research at this point. The present paper describes the results obtained 
for alloys lying between 20 and 50 % inium. 

The previous work of Hume-Rothery and Raynor on the system 
magnesium-indium is summarised in Fig. i. The whole system was 
examined by X-ray methods by Werner Hancke,* and four intermediate 
phases were reported. These were said to be based on the intermetallic 
compounds Mgjn,, Mg,In, Mgin, and either Mgln^ or Mgin,. The 
structures of the first three of these phases were found to be respectively 
body-centred rhombic, hexagonal, and body-centred tetragonal. The 
system the^ore appeared to resemble the system magnesium-gallium, 
which was investigated by the same author,* and also, in some respects, 
the system magnesium-thallium,® in which there is also an intermetallic 
compound of compositioir MgjTl,. 

^ Hume-Rothery and Raynor, ], Inst, Metals, 1938, 63, 227. 

® Hume-Rothery, The Structure of Metals and Alloys (Inst. Metals Monograph 
and Report Series, No. i, 1944). 

• Hume-Rothery and Raynor, /. Inst. Metals, 1938, 63, 201. 

♦Werner Hancke, Naturwiss., 1938, 26, (35), 577. 

• Grube, Z. anorg. Chem., 1905, 46, 76. Gru^ and Hille, Z. Elecktrochem., 
I934»40, 101. 

• All compositions given in the text of this paper are in atomic percentages. 
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From Fig. i, the indium-rich limit of the peritectic reaction at which 
the primary solid solution reacts with the liquid to form the second solid 
phase lies at 257 %, whereas the composition of the reported phase 
Mg,In, is 28*57 % indium. It is difficult, therefore, to reconcile these 
two researches, unless the reported phase Mggin, has a considerable range 
of homogeneity. The existence of Mgjin, was not confirmed in the present 
work. 



O Points from cooling curves. V Semi-liquid alloys. 

# Homogeneous alloys. A Two-phase alloys. 


Experimental. 

Materials.—Magnesium of purity 99’95 % was used in the preparation of 
the alloys; the chief impurities were iron 0*03, aluminium o*oi, and silicon 
0*01 %. This material was kindly presented by the National Ph)^ical Labor¬ 
atory. The indium was supplied by the Indium Corporation of America, and 
was speciaUy refined before use by Messrs. Johnson, Matthey and Co., Ltd.; 
no impurities were detected by chemical means after this treatment. 


Micrographic Work. 

Alloys were prepared, in quantities of from 2 to 5 g., either by melting the 
pure metals together, or by remelting a previously prepared alloy of known 
composition with more magnesium or indium. In no case, however, was material 
remelted more than once. It is unlikely that any accumulation of impurities 
occurred during the research ; no evidence of such accumulation was obtained 
by chemical anal3^is. 

The alloys were melted in crucibles lined with an alumina-fluorspar mixture, 
well stirred under flux witli a recrystallised alumina stirrer, and rapidly poured 
into cold block copper moulds, ^me loss of magnesium occurred during the 
melting process; this was allowed for, to a first approximation, by weighing 
out a slight excess of magnesium. 

For the annealing experiments, specimens were sealed in vacuo in hard glass 
tubes. Owing to the danger of volatilisation of magnesium from specimen to 





. G. V. RAYNOR 17 

specimen, all alloys were sealed in separate tubes. Annealing treatments jvere 
carried out in electric tube furnaces,controlled by Foster temperature regulators. 
The accuracy of control was db i®to ± i*5°c. over periods of two to three weeks. 
For shorter treatments, control well within i i® c. was possible. 

All alloys were given preliminary treatments of 7 to 18 days at temperatures 
lying between 430° and 350° c., according to composition. Separate specimens 
were then annealed at successively lower temperatures for periods of from one 
to three weeks. By this means all phase boundaries were determined by pre¬ 
cipitation of a second phase from homogeneous specimens. Alloys employed 
for the solidus determinations were first homogenised, and small portions were 
then held at successively higher temperatures for periods of J to J hour. During 
these experiments, temperatures were accurately controlled by hand. At the 
end of annealing treatments, all specimens were quenched in cold water; the 
glavss tubes shattered and an efficient quench was obtained. 

For the microscopical examination of quenched specimens, fresh surfaces 
were exposed by cutting the alloys with a rotary jeweller's saw, and polished 
in the usual manner.^ Etching techniques are described below. All critic^ 
specimens were analysed, after a micrographic examination on both sides in 
order to make sure that the whole piece taken for analysis had the same micro- 
structure. Some of the alloys were analysed by Messrs. Johnson, Matthey 
and Co., Ltd., to whom the author must express his thanks. The remainder 
were analysed by the author, using an accurate electrolytic method. 

Results. 

The constitutional diagram, as deduced from the results of experiments on 
33 alloys, is shown in Fig. 2. In this diagram the confirmatory points are plotted 



V ▲ Semi-liquid alloys. O • Homogeneous alloys. 

A ▲ Two-phase solid alloys. V A A Two-phase alloys 

with trace of one constituent. 

in addition to the points representing critical analysed alloys, which are dis¬ 
tinguished by full symbols. 

Above 335° c., the whole composition range from approximately 23*5 to 
50 % is occupied by a single, homogeneous phase, which has been called p. At 
lower temperatures, however, two additional phases exist. The / 5 i-phase, with 
a narrow range of homogeneity, is stable up to 335° c., while the jS^-phase is 
stable up to 298° c. 
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{a) The (a4*j5)/j8-bouiidary. —Critical data for this boundajry are summarised 
in Table I. The boundary is a straight line between the invariant point at which 
a and liquid react to form p (23*2 % indium at 484® c.), and that at which 
^ a + ft (23*55 % indium at 327® c.). 


TABLE I.—(a + ft/ftBouNDARY 


j 

Alloy 

No. 

Analysed Com¬ 
position. 

Previous Annealing 

Annealing 

Micro- 

wt. % 

1 In. 

At.% 

Id. 

Treatment. 

Treatment. 

structure. 

3 

58*81 

23*21 

None 

7 days 465*4° c. 


4 

58-97 

23*34 

7 days 4^5*4° c. 
10 days 367*7° c. 
10 days 367*7° c. 

10 days 436° c. 

8 days 417*4® c. 

12 days 390*5® c. 

p -I- trace a 

fi 

p 


59*01 

23*30 

None 

10 days 367*7° c. 

P -f trace a 

4A 

59*20 

23*51 

None j 

10 days 367*7® c. 
+ 12 days 390*5° c. 

10 days 367*7° c. 

8 days 331*1® c. 

P 

p 4- trace a 


(If) The (a -f ft)/fti ft/(ft 4 - ft and (ft + ft/ftboundaries. —Table II shows 
the critical results for these lx)undaries. The boundaries of the ft-phase are 
smooth curves ; the magnesium-rich boundary falls from 23*9 % indium at 
335° c. to 23*5 % at 180® c., while the composition along the indium-rich boundary 
rises from 23*9 to 25 % indium in the same temperature interval. The (ft+ft/ft 
boundary falls away from the composition 23*9 % indium at 335“ c. at first 
gradually, and then steeply, and lies at 26*6 % indium at 180® c. 

The microstructures of these alloys were not difiScult to interpret since the 
ftphase was always more heavily tarnished than the ft-phase on etching with 
alcoholic nitric acid. Confirmation was given by the fact that the j 5 -phase 
showed twinning of the a-brass type, whereas no twin formation was observed 
in the ft-phase. 

(c) Equilibrium Relations between the ft andft-phases. —The i 5 /(ft-f ft- 

phase boundary has a maximum, at which the homogeneous ft and ft-phase 
fields meet, at 335® c. and 23*9 % indium. At 23*55 % indium the ftphase 
decomposes eutectoidally into the a- and ft-phascs. This transformation is 
responsible for the change in direction of the a/(a -f j 3 )-boundary observed at 
327° c. in previous work.^ 

Evidence for the form of the equilibrium diagram in this region is strong : 

(i) Alloys 6, 7, 8 and 9 at 329° to 331® c. contained only the ft- and / 3 -phases, 
whereas alloy 4A at 331° c. showed a typical twinned ftmicrostructurc, with 
traces of the a-phase which is easily recognisable. 

(ii) Alloy 4A at 331 ® c. showed only traces of the a-phase, whereas the specimen 
annealed at 326° c. contained relatively much more of this phase. 

(iii) The ftphase at 331® c. was twinned, but no twins were observed in the 
alloy annealed at 326° c. 

Similar results were obtained for other duplex alloys annealed above and 
below 327® c. At this temperature, the indium-rich boundary of the two-phase 
region steps sideways in the direction of higher indium content. Below 327° c. 
a is in equilibrium with ft, but above this temperature, equilibrium involves 
the a- and ftphases. 

(d) The p/(P -f / 3 ,) and Pt/(p -f / 3 *) -boundaries .—Table III contains the 
data from which these boundaries are established. The / 3/(/3 -f j 3 |)-boundary 
rises to a maximum at 298® c. and approximately 34*3 % indium; the etching 
experiments indicate that the phase ft exists over a narrow composition range 
in the region of 34*3 % indium. Evidence for this is clearly illustrated by the 
microstructures of alloys 14 to 31 annealed at 200° to 205® *c. In all cases the 
phase richest in indium etched dark; alloys 15 to 22 showed a mixture of light 
and dark phases, with the latter increasing regularly with indium content. Alloy 
22 consisted mainly of the dark constituent, with a small amount of the lighter 
phase evenly distributed. Alloys 23 to 31, however, consisted of the dark phase 
together with increasing amounts of an even darker etching phase, which formed 
almost the whole of alloy 31. 
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Andysed Comp. 




Alloy 

No. 



Previous Annealing 
Treatment. 



Wt. % 

At. % 

Annealing Treatment. 

Microstructure. 


In. 

In. 




4A 



10 days 367*7® c. 

14 days 326° c. 

Pi ct 




10 days 367*7® c. 
-1-12 days 390*5® c. 

8 days 322*5® c. 

A + 

ft -h a 




10 days 367*7® c. 

12 days 289*4® c. 




9$ 

12 days 280*4® c. 

A + * 


59*20 

23*51 

M 

14 days 205® c. 

ft 4- trace a 

5 

59-62 

23*80 

II days 365*5“ c- 

9 days 321 ® c. 

ft 4- trace a 


59-80 

23*90 

.. 

II days 299® c. 

A 

6 



9 days 419*3® c. 

7 days 342° c. 

p 


59-86 

24*01 

,, 

9 days 330*7° c. 

Pi + P 


59*92 

24*10 

,, 

25 days 319® c. 

ft 4- trace p 




*> 

t 6 days 311*8° c. 

A 

7 



9 days 419*3“ c- 

7 days 342® c. 

P 


6o*o8 

24*18 

,, 

9 days 330*7° c. 

Pi + P 




,, 

25 days 319*5° c. 

Pi 4- trace P 




99 

16 days 311*8° c. 

A 

8 

60*31 

24-36 

11 days 365*5® c. 

8 days 334*4° C. 

P 


60*36 

24*39 


10 days 329° c. 

Py + P 





9 days 321° c. 

A + little p 




,, 

13 days 311*3° c. 

P, + trace p 





TI days 299® c. 

A 

9 

60*69 

24*65 

8 days 380*7® c. 

14 days 336® c. 

P 




,, 

7 days 331® c. 

Pt + P 




,, 

14 days 300° c. 

Pi + little p 


60*74 

24*69 


15 days 254® c. 

A 

10 

C>o*g8 

24*88 

8 days 380*7® c. 

7 days 331° c. 

p 




,, 

6 days 321 ° c. 

Px + P 




ft 

15 days 254° c. 

p. + trace p 


60*98 

24*88 


T2 wk. 200® C. 

A 

II 

61*88 

25*59 

18 days 428® c. 

9 days 319*8® c. 

P 


61*66 

25*42 

99 

8 days 310*8° c. 

p "i~ little pi 





21 days 200® c. 

Pi + P 

12 

62*64 

26*21 

10 days 367*7° c. 

14 days 303*6° c. 

P 


62*63 

26*20 

,, 

7 days 294*6° c. 

P f trace pi 




„ 

14 days 205" c. 

Pi + P 

13 

63-34 

26*80 

18 days 428*1® c. 

21 days 200° c. 

P 


Thus, an almost invariant intermediate phase {p^) exists between alloys 22 
and 23. Owing to the difficulty of casting small ingots to a predetermined 
composition, it was not practicable to place the position of this phase more 
accurately. The conclusions were later confirmed by X-ray examination (see 
page 21). 

(e) The Solidus .---Thd solidus curve (see Table IV) falls smoothly from 
484® c. at 23*2 % indium to 366° c. at 49 %. Apart from a slight inflection 
between 32 and 36 % indium, no evidence of any singularity was obtained. 
The microstructures of alloys quenched from the semi-liquid region were typical, 
the chilled liquid being recognisable as triangular areas at the junctions of grain 
boundaries. 

(/) The ^-8olid Solution. —Throughout the whole composition range in¬ 
vestigated, homogeneous alloys were obtained above 335° c. near 25 %, and above 
298® c. in the region of 35 % indium (Fig. 2). Below 35 % indium a typical 
large-grained polygonal equiaxed microstructure was obtained, with twin 
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TABLE III.—jS/jS + jS* AND fijp -f ) 3 rBouNDARiEs. 



Analysed Comp. 




Alloy 

No, 



Previous Annealing 
Treatment. 



wt. % 
In. 

At.% 

In. 

Annealing Treatment. 

Microstructoxe. 

14 

64*64 

27*92 

10 days 367*7® c. 

14 days 20‘5® c. 

p 

15 

65*08 

65*06 

28*31 

28*29 

14 days 338*6® c. 
14 days 338*6® c. 
-f-io days 249° c. 

13 days 233*4® c. 

22 days 205® c. 

p 

p + little p. 

16 

66*07 

66*05 

29*21 

29*19 

14 days 303*6® c. 

99 

15 days 260*3® c. 

8 days 250*2® c. 

12 days 239*5° c. 

P 

P -f trace P2 
p 4- little p2 

17 

66*40 

29*51 

7 days 359° c. 

7 days 268® c. 

7 days 251*1 ® c. 

p 

P + little Pt 

I« 

66*52 

60-43 

29-63 

^9-54 

7 days 371*8® c. 

7 days 267*9° c. 

15 days 260® c. 

P 

P + P, 

19 

() 7 - 7 T 

67-62 

30-76 

30-69 

7 days 371*8® c. 

8 days 296® c. 

16 days 290® c. 

P 

P + little / 5 , 

20 

68*51 

6«-55 

31-56 

31-59 

14 days 359° c. 

7 days 296® c. 

16 days 290® c. 

P 

P + P, 

21 

69*.55 

32*61 

7 t^ays 359® c. 

6 days 301*3° c. 

10 days 286° c. 

P 

P + Pt 

22 

70-70 

33*«3 

7 days 359® c. 

6 days 301*3° c. 

8 days 296® c. 

P 

P, + P 

'•23 

71-39 

34*59 

14 days 359° c. 

-f 8 days 310*8® c. 
14 days 359° c. 

7 days 300*1° c. 

16 days 290*3° c. 

P 

/S, + trace P 

-24 

71-47 

71-57 

34*68 

34*79 

10 days 367*7® c. 

14 days 303*6° c. 

7 days 294*6® c. 

12 days 289*4° c. 

12 days 280*4® c. 

14 days 205° c. 

P 

P, + trace p 
Pf + trace P 
jS, -I- trace p 
P, + trace p 

^5 

73-60 

37*14 

14 days 359^^ c. 

16 days 290*3° c. 

8 days 275*9® c. 

P 

P, + P 

27 

74-60 

74-68 

3 ^* 3 ^> 

38*46 

7 days 350*1® c. 

14 days 281*9® c 

6 days 274*4° c. 

P 

P + little Pi 

28 

75-46 

39*45 

14 days 359® c. 

16 days 290*3° c. 

7 days 267*9® c. 

P 

P 4- trace 

30 

76*90 

77*02 

41*37 

41*53 

7 days 350*1® c. 

14 days 231*4® c. 

6 days 220*3° c. 

P 

P + Pi 

31 

77-65 

42*40 

14 days 359° c. 

21 days 205*2° c. 

P + trace j8, 


markings analogous to those observed in a-brasses. Twinning was seen after 
quenching from all temperatures. Above 35 %, however, although alloys 
quenched after long annealing below 300° to 320" c. showed the typical poly¬ 
gonal grain structure, alloys quenched from above this range showed character¬ 
istic parallel stripes across grains. The orientation of the stripes within any one 
grain w£is constant, but varied from grain to grain. It was concluded that the 
allo)rs were homogeneous, both above and below 300° to 320° c., but that a 
transformation occurred in alloys quenched from above this range, either during 
or shortly after quenching. Later experiments showed that the change occurred 
shortly after quenching; alloys containing 40 to 50 % indium were cold after 
quenching in water from above 320® c., but rapidly became too hot to hold in 
the hand. No quantitative measurements were made, but it is estimated that 
temperatures exceeding 100® c. were reached. 
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TABLE IV.— The Solidus. 


.\lloy No. 

Analysed Composition. 

Quenching 

I^perature 

®c. 

Microstructure. 

Wt. % In. 

At. % In. 

8 

60-31 

24-36 

478 

473 

P + liquid 

P 

9 

60*69 

24-65 

478 

473 

P + liquid 

J8 

II 

Ci-88 

25-59 

470*3 

466*1 

p -h trace liquid 

p 

13 

t>3-34 

26*80 

466 

460-9 

P + trace liquid 

P 

15 

65-08 

28-31 

4<>3 

457-5 

p -{- liquid 

p 

18 

66-43 

29*54 

454-(> 

450 

p + liquid 

p 

19 

67-71 

30*76 

446 

440 

p + liquid 

P 

22 

70-70 

33-83 

440*8 

436 

P + liquid 

P 

30 

76*90 

41*37 

0 0 

P + liquid 

P 

32 

78*91 

44*22 

3 '>o -5 

385-7 

P -h liquid 

P 

33 

8i*88 

48-92 

370*5 

3bb 

P -f liquid 

P 


X-ray Work. 

The nature of the transformation observed was studied by high-temperature 
X-ray work, and certain conclusions from the micrographic work were verified. 
The technique employed in the X-ray work resembled that described in previous 
pubhciitions.®* ®. Filings were prepared in an atmosphere of pure dry argon, 
using a fine dentist’s drill (see Raynor and Hume-Rothery *). Devices were 
included for sieving the filings in argon; thus, for experiments with the high- 
temperature camera, alloys were filed, sieved, and sealed into evacuated thin- 
walled silica capillaries without exposure to air at any stage. 

In some cases the filings, after suitable strain-relieving treatment, were 
mounted on a hair in the usual manner. Whenever heat treatments longer 
than those for strain-relief were required, however, the fihngs were sealed in 
silica capillaries and the complete X-ray specimen was annealed. 

Copper iCa-radiation from a Metropolitan-Vickers demountable X-ray 
machine was used for all experiments. Exposures at room temperature were 
made in a 9 cm. Debye-Scherrer camera of the usual pattern, or in the 9 cm. 
high-temperature camera described by Hume-Rothery and Reynolds."^ Ex¬ 
periments at other temperatures were all made in the high-temperature apparatus, 
which was fitted with two thermocouples. A ring-shaped platinum/platinum- 
rhodium thermocouple was used to measure the specimen temperature; the 
other thermocouple (alumel-chromel) was connected to a Foster potentiometric 
regulator. In spite of the small thermal capacity of the camera furnaces, it 
was possible to control the specimen temperature for periods exceeding 12 hr. 
to an accuracy of ± 1° c. During exposures, made after varying periods of 
anneal, temperatures were controlled by hand to ± 0*5° c. 

•Hume-Rothery, Reynolds and Lewin, Proc, Roy. Soc. A, 1936, 157, 167. 

’ Hume-Rothery and Reynolds, ibid., 1938, 167, 25. 

• Raynor and Hume-Rothery, J. Inst. Metals, 1939, 65, 379. 
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Before an experiment, the furnaces were adjusted to exact temperature 
equality to eliminate gradients along the specimen. The temperature distribu¬ 
tion was checked at intervals, and it is estimated that the exposure temperatures 
quoted in subsequent sections are accurately reproducible. 

(I) The Transformations. 

The twinning of the ) 3 -solid solution suggested that its crystal structure was 
face-centred cubic. A diffraction pattern obtained at room temperature with 
filings from alloy ii as quenched from 428*1^0. confirmed this. The individual 
lines, however, were not of high quality owing to volatilisation of magnesium 
during anneahng. Further experiments were therefore made in the high- 
temperature camera. Filings from the same alloy were exposed at 361*7° c. 
after annealing in the camera for 5 hr. at the same temperature. The film 
confirmed that the structure at this temperature was face-centred cubic. A 
further exposure, however, taken at room temperature after quickly cooling 



+ random face-centred cubic. O ordered orthorhombic. 

X ordered face-centred cubic. □ ordered tetragonal. 


the specimen showed that a superlattice of the Cu,Au type had developed. All 
the expected supcrlattice lines were present and well defined (Fig. 4a). Thus,, 
between 360° c. and room temperature an order-disorder transformation occurs 
in alloys of composition near to 25 % indium. 

An exposure of alloy 31 was made at 330° c. The diffraction pattern was 
again face-centred cubic, and confirmed the conclusions of the micrographic 
work. A similar photograph, taken after cooling the specimen, showed that 
a superlattice of the CuAu type (ordered face-centred tetragonal) had developed 
(Fig. 46). This change, therefore, is responsible for the thermal effects noticed 
in alloys containing 40 to 50 % indium. The strains involved in transition from 
the cubic to the tetragonal form are responsible for the micrographic effects 
observed. 

Since only small quantities of material were available, the traasformation 
temperatures were determined by the high-temperature X-ray method. Filings 
of each alloy, made after quenching the parent ingot from a temperature at which 
it was homogeneous, were sealed in evacuated silica tubes and annealed in the 
high-temperature camera for approximately 6 hr. at a given temperature; 
X-ray exposures were then made at the same temperature. This process was 
repeated until exposures at narrowly separated temperatures gave a pair of 
patterns, with superlattice lines present only in that obtained at the lower 
temperature. 
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TABLE V.— The Order-Disorder Transformation 
Temperatures for Alloys containing less than 
35 Atomic % of Indium. 


AUoy No. 

Composition, 
at % Indium. 

Temperature of 
Exposure ®c. 

Condition of Alloy. 

6 

24*01 

341*0 

• Random 


338-7 

Ordered 

II 

* 25*42 

341*4 

Random 


339*5 

Ordered 

13 

26*80 

343*0 

Random 


339*2 

Ordered 

15 

28*30 

350*5 

Random 

348*0 

Ordered 

18 

29*63 

350*4 

Random 


347*0 

Ordered 

19 

30*70 

347*5 

Random 


344*9 

Ordered 

20 

3 i‘ 5 b 

344*0 

Random 



339*5 

Ordered 

23 

34*59 

319*5 

Random 


316*0 

1 

Ordered 


TABLE VI. —The Order-Disorder Transformation Temperatures for 


Alloy No. 

Composition, 
Atomic % Indium. 

Temperature of 
Exposure ®c. 

Condition of Alloy. 

25 

37 *H 

321-0 

3 if '-5 

Face-centred cubic random 
Orthorhombic 



300*0 

296*2 

Face-centred tetragonal 
ordered 

29 

40*00 

320*0 

316*0 

Face-centred cubic random 
Orthorhombic 



310*0 

305*0 

Face-centred tetragonal 
ordered 

31 

42*40 

325*0 

318*2 

301*2 

Face-centred cubic random 
Orthorhombic 

Face-centred tetragonal 
ordered 

32 

44*22 

328*0 

323*5 

Face-centred cubic random 
Face-centred tetragonal 
ordered 

33 

48*77 

328*0 

324*0 

Face-centred cubic random 
Face-centred tetragonal 
ordered 


In some cases only one specimen was used but in others, several. The effects 
were, however, accurately reproducible from specimen to specimen. For several 
alloys, the transformation was approached from both the high and low tempera¬ 
ture sides. The critical temperatures obtained confirmed each other, showing 
that there was no hysteresis, and also that the annealing times were sufficient 
for equilibrium. 

The results of these experiments are shown in Fig. 3, and the critical experi¬ 
ments are summarised in Tables V and VI. For alloys with less than 35 % 
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indium the maximum transformation temperature does not occur at the theor¬ 
etical composition Mggln. The transformation curve shows an ill-defined maxi¬ 
mum at approximately 29 %, the critical temperatures in the region of 25 % 
being relatively low. This may be connected with the presence of the low- 
temperature ) 3 i-phase; it may also be significant that the maximum on the 
transformation curve corresponds with the composition range in which the 
j8-solid solution is stable down to 200° c. The occurrence of a maximum on the 
transformation curve at a composition other than 25 % has been observed in 
the copper-palladium alloys.* Here the maximum occurs at 17 % Pd, but the 
situation is more complex than in the magnesium-indium alloys, in so far as 
only the alloys with less than 20 % Pd behave analogously to the CujAu type 
of alloy. Those containing from 20 to 27 % Pd become tetragonal when ordered. 
The transformation temperatures for alloys with compositions between 23 and 

25 % indium are slightly higher than the maximum on the /5i/(ft -|- jS)-phase 
boundary. Equilibrium between the jSj- and j8-phases therefore involves the 
ordered face-centred cubic structure at all temperatures. 

Alloys with compositions between 36 and 50 % indium behave in some re¬ 
spects analogously to the CuAu type of alloy, and transform to a face-centred 
tetragonal lattice on ordering. Except, however, at compositions close to 50 %, 
the cubic and tetragonal regions in the equilibrium diagram are separated by a 
temperature range in which the alloys are orthorhombic. Diffraction patterns 
from alloys annealed in this range showed only faint superlattice lines; the 
extent of this range increased with increasing deviation from the equi-atomic 
composition. The occurrence of the orthorhombic range was unexpected under 
the conflitions employed. Diffraction patterns obtained at room temperature 
from alloys 25, 29 and 31 after cooling from a temperature at which the alloys 
had the random cubic structure showed only the ordered face-centred tetra¬ 
gonal structure. The orthorhombic structure, therefore, is not stable at low 
temperatures; if it were an intermediate in the transformation from the cubic 
to the tetragonal structure the relatively rapid cooling w^ould be expected to 
preserve, to a recognisable extent, the orthorhombic structure. 

Since it was thought possible that the orthorhombic structure was a meta¬ 
stable intermediate, characteristic of the ordering process at high temperatures 
only, which slowly relaxed isothermally to the tetragonal form, annealing periods 
of 24 hr. were employed for temperatures at which the orthorhombic structure 
had been observed after 6 hr. In no case was any difference observed between 
the diffraction patterns obtained in the two series of experiments. The ortho¬ 
rhombic structures are therefore stable in the tefnperature range shown in Fig. 3. 
The form of the transformation curves suggests that this behaviour is connected 
with a deficit of indium atoms with respect to the ideal composition Mgin. 

This behaviour is somewhat analogous to the mode of ordering observed 
for the equiatomic copper-gold alloys. In these alloys, according to Johansson 
and Linde,io an orthorhombic ordered structure is produced by quenching from 
temperatures near to that of the onset of order. Experiments by Kallbfick, 
Nystrom and Borelius on the isothermal ordering of quenched samples of 
CuAu, however, indicate that the orthorhombic structure is stable above 370” c., 
while the tetragonal form is stable below this temperature. Support for the 
latter view is given by the work of Hultgren and Tarnopol,^* who found that the 
orthorhombic structure was not a metastablc stage in ordering, since it was 
obtained not only by annealing disordered alloys, but also the ordered tetragonal 
alloys, at 370-400° c. Further, the orthorhombic structure persisted after long 
annealing treatments. 

A quantitative examination of the lattice spacing relationships for alloys in 
the range for which tetragonal structures are found has not yet been made. 
The axial ratio eja of the tetragonal form, however, is approximately 0*96, while 
the ratio bja for the orthorhombic form is close to unity. 

II. X-ray Work carried out to confirm the Micrographic 
Results with regard to the and ^j'P^tases. 

(a) Alloys in the Range 23 to 26 Indium —Alloy it, when cooled from 

361*7® c., gave a diffraction pattern in which all lines could be accounted for 

• Jones and Sykes, ibid,, 1939, 65^ 419. 

Johansson and Linde, Ann, Physik., 1936 (V), 25 (i), i. 

^ KSLllbfick, Nystrbm and Borelius, Ing. Vetenskaps Ahak., Handlinger, 1941, 
*57. 21. 

“Hultgren and Tarnopol, Metals Tech., 1939, 6 (i); A.I.M.M.E., Tech. 
Publ., No. 1010, 10. 
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by an ordered face-centred cubic structure^ in spite of its being two-phase at 
equilibrium below 316° c. The auperlattice change therefore occurs much more 
easily ^an the phase change. Filings made from alloy ii as quenched from the 
j8-region were exposed at 284® c. after annealing for 5 hr. Only the face-centred 
cubic pattern was visible in the photograph, apart from some faint extra low- 
angle lines. After further annealing for 17 hr. the cubic pattern persisted, while 
the extra lines became rather more intense. Annealing periods of the order of 
24 hr. were thus insufficient to accomplish the precipitation of jSj from the homo¬ 
geneous ,grains, and the specimen of hlings was annealed for 6 days at 282*6° c., 
and exposed at room tem})erature. The photograph showed the ordered cubic 
diffraction lines, with w ;ll-markcd extra lines corresponding to the jS^-phase. 
To confirm this, filings of alloy 6 were annealed for 6 days at 282*6° c. A complex 
diffraction pattern was obtained (Fig. 5), containing no face-centred cubic dif¬ 
fraction lines, but corresponding exactly with the extra lines in the photograph 
of alloy II. Powder .specimens of alloys ii and 6, originally jS, gave similar 
results after annealing at 263° c. for 6 days. Alloy 13 alter the same treatment, 
however, gave a diffraction pattern showing only the ordered face-centred cubic 
lines. 

The results of the.se experiments, together with others using further alloys 
in this region, confirm the interpretation of the micrographic work, and show^ that 
the structure of the ft-j)hase, as indicated by the diffraction pattern of alloy 6 
after annealing at 282*0“ and 263° c., is complex. 

(b) Alloys In the Range 26 to 43 °/o Indium. —At 200° c., two distinguish¬ 
able two-phase regions should exist in the range 2() to .^3 % indium (Fig. 2). 
From 28*1 to approximately 34 % indium, the jSg-phase and the ordered face- 
centred cubic ^-phase are in equilibrium, while from approximately 3^*5 to 42*4 % 
indium the ^^-phase and the ordered face-centred tetragonal jS-phase rich in 
indium are in equilibrium. 

X-ray experiments confirmed these conclusions. Alloys 18, 19, 20, 23, 25, 
28, and 31 as annealed for a long period at 200° or 205° c., were filed, and the 
filings exposed at room temperature after a short strain relieving anneal at 200° c. 
In agreement with the micrographic work, a new and complex diffraction pattern 
appeared in the photograph from alloy 23. According to the etching experi¬ 
ments, this alloy consisted of the /Sj-phase with a small amount of the fi-phase. 
Alloys ctintaining less indium (No. 18, 19 and 20) gave diffraction patterns in 
which the cubic / 5 -phase lines were present in addition to the /8j-lines, while 
alloys richer in indium (No. 25 and 28) gave films containing the jS*- and the 
tetragonal j8-phase lines. The film from alloy 31 (micrographically jS -f- a trace 
of 132) showed only the face-centred tetragonal pattern. 

As an additional check, filings vrere made from specimens of alloys 17, 21 
and 22 annealed at 282*6° c. After a strain relief treatment at the same tem¬ 
perature, diffraction patterns were obtained at room temperature. Alloy 17 
showed only the ordered cubic lines, while alloy 22 showed the same complex 
pattern as alloy 23 annealed at 205° c., together with faint lines due to admixture 
with the ordered cubic phase (Fig. 6). AUoy 21 gave a diffraction pattern com¬ 
bining the features of tho.se from alloys 17 and 22. 

The presence of the /Sg-phase is therefore confirmed ; its diffraction pattern 
docs not change between 282*6° and 200® c. It is also clear that alloy 22 lies 
to the magnesium-rich side of the / 5 j-phase, as indicated by the etching experi¬ 
ments. The persistence of the cubic /8-phase at low temperatures between 
26*6 and 27*7 % indium is also confirmed. 

( c ) The Range 50 to 100 ®/q Indium. —Owing to indium shortage, it was 
possible to examine only one alloy, containing 92*66 % indium. It was annealed 
in vacuo for one month at 100° c. After this treatment the alloy was soft, and 
difficult to prepare for microscopic examination. Satisfactory results were 
obtained by alternate polishing and etching, and a homogeneous, equiaxed 
large-grained microstructure was obtained. The melting point of this alloy, 
from quenching experiments, lay between 180® and 175® c.; this result is con¬ 
sistent with a steady fall of the solidus curve from 366° c. at 49 % indium to 
the melting point of indium (155*4° c.), and suggests that the phase denoted /8 
in Fig. 2 stretches continuously up to 100 % indium. 

Filings were made from the annealed alloy, strain-relieved at 100® c., and 
exposed to X-rays. The diffraction pattern showed a face-centred tetragonal 
structure similar to that of indium itself. It is probable that, on further dilution 
with magnesium, ^is tetragonal structure merges into the face-centred cubic 
structure of the disordered alloys already described. There is no need for a 
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two-phase region between face-centred cubic and face-centred tetragonal struc*- 
tures; the gradual transition, without any phase discontinuity, has already 
been established for solid solutions of cadmium in indium and for solid 
solutions of copper in manganese. 

Discussion. 

The atomic size relationships involved in the magnesium-indium 
alloys have been discussed in a previous paper; ^ the size-factor and 
other complicating effects are small, and the system is favourable for 
investigating the normal valency effects of a trivalent solute in magnesium. 
Several further points of interest arise from the present work. 

(a) The Transformation at 327® c. —The change in direction of the 
primary solid solubility curve for indium in magnesium is due to a change 
in the phase with which the primary solid solution is in equilibrium. 
Above 327° c. the second phase has a face-centred cubic structure (ordered 
or disordered), while below this temperature, the ft-phase with a complex 
crystal structure is stable. There is no change in the primary solid solu¬ 
tion boundary at the temperature at which ordering occurs. 

(b) The -phase.—This phase has no analogy in the other binary 
alloys of magnesium with the elements of Group IIIB of the Periodic 
Table, The phases with which the primary solid solutions are in equili¬ 
brium are : 

System MgAl — Mg4Al3 
System MgGa — MggGag 
System MgTl — Mg^Tla. 

The structure of the /3i-phase is complex, and not yet examined in detail. 
The phase does not, however, correspond with Mggina, as suggested by 
Hancke.* 

(c) The —This phase may correspond with the phase Mggln 

reported by Hancke.* The present work shows, however, that it does not 
occur accurately at the compo.sition Mgaln. The crj^stal structure is 
again complex. 

(d) The Superlattice Rearrangements.—The cxperiment.s described 
show that the face-centred cubic j8-phase orders on cooling. In alloys 
containing up to 35 % indium, the ordering process is the same as in 
CugAu. For alloys containing between 36 and 50 % indium, the ordering 
process is analogous to that of the CuAu alloys, in so far as an ordered 
tetragonal structure with eja < unity is produced. 

This behaviour is of interest in connection with the size-factor of 
indium with respect to magnesium. The variation with atomic number 
of the interatomic distances in the crystals of the elements suggests that 
metallic indium is not fully ionised. General support is given to this 
view by the general chemistry of indium, where the tendency towards tlie 
formation of univalent In ^ ions is well marked. According to this view, 
therefore, the interatomic distances in the metallic indium crystal, in 
which each atom has 4 neighbours at 3*241 a. and 8 neighbours at 3*368 a., 
correspond with the incompletely ionised state. The closest distance 
of approach for the fully ionised state would be expected to be of the 
order of 0*2 to 0*3 a. sn^aller, so that the interatomic distance corresponding 
to full ionisation may be estimated as 2•05 a. If indium when alloyed 
with magnesium is not fully ionised, the size-factor, expressed in the 

usual way as where d represents the closest distances 

of approach of atoms in the respective crystal structures, is very favour¬ 
able. With such a small size-factor it is improbable that such well-defined 
superlattices as are observed would be formed. If, however, the indium 

Betteridge, Prnc. Physic. Soc., 193S, 50, 519. 

Dean, Long, Graham, Potter and Hayes, Amer. Soc. Metals, Preprint No. 9, 
1944 . 21. 
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is present in the alloy in the fully ionised form, the size-factor is markedly 
greater, and of the order of 8 %, The formation of superlattices is much 
more consistent with a size-factor of this order, as illustrated by their 
presence in the system MgCd, where the size-factor is similar. The results 
of this work may be taken as evidence that, when alloyed with magnesium, 
indium is present in the fully ionised state. This is not unexpected, in 
view of the relatively high deforming power of the divalent magnesium ion. 

(e) The Indium-rich Alloys. —It appears probable that indium and 
magnesium form an unbroken series of solid solutions between 25 and 
100 % indium. This behaviour may be connected with an effect analogous 
to the “ diagonal relationship in the chemistry of certain elements in 
the periodic table. For instance, lithium tends to resemble magnesium, 
and beryllium tends to resemble aluminium. The effect of this on alloy 
formation is illustrated by the extensive solid solution of lithium in 
magnesium, in spite of the fact that the solubility of elements of lower 


a 



A 



valency in solvents of higher valency is usually restricted, and the very 
wide solid solution of magnesium in lithium. The general cause of such 
“ diagonal relationships is connected with the mutually compensating 
factors of increase in ionic charge on passing from one group to the next 
higher, and increase in ionic size on passing from one period to the next 
higher. A rough measure of the effect is given by the expression 

P — j raS^y ^’ which expresses the charge density round the 

outsides of the ions. Elements with similar values of P may be expected 
to show rough analogies with each other. Thus beryllium (P — 6*6) 
resembles aluminium (P = 4-9) rather than magnesium (P = 2-5) ; 
similarly, lithium (P — 2-2) resembles magnesium (P ~ 2-5) rather than 
sodium (P — i-o). The values of P for Al, Ga, In, and T1 are respectively 
4*9, 4*6, 27, and 2-2. Indium, therefore is the Group IIIB element, 
which might be expected to be most similar to magnesium in the general 
charge density round the ion, and it is possible that this, taken in con¬ 
junction with the favourable size-factor, is responsible for the effects 
observed. 

This form of equilibrium diagram implies that the tetragonal structure 
of indium merges into the cubic structure of the alloys less rich in indium. 
This phenomenon is observed in the indium-rich indium-cadmium alloys.^* 
A tentative explanation may be advanced in terms of the Brillouin zone 
theory of metals. The Brillouin zone for the indium structure is similar 
to that for the face-centred cubic structure (Fig. 7), but is somewhat con¬ 
tracted parallel to the vertical c-axis of the crystal. At three electrons 
per atom, overlap of electrons occurs across the P-faces of the zone. It 
is possible that, for indium, overlap also occurs across the ^-faces, which 
are nearer the origin of ^-space than the side A^faces. According to the 
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Jones theory,'* an overlap across the face of a Brillouin zone tends to 
compress the zone at right angles to the plane of the face. The magnitude 
of the ejffect is proportional to the number of overlapping electrons. A 
reduction of the overlap for a given direction thus relieves the stress, 
and allows expansion of the zone in this direction. Expansion of the 
zone corresponds with contraction of the lattice. 

For convenience, we may consider a two-dimensional case obtained 
by taking a section of the Brillouin zone for the indium structure along 
the plane ahcde (Fig. 8). The jB-overlaps are symmetrical and need not 
be further considered. If, however, overlap does occur across the .< 4 -faces, 
it will be reduced by the solution in indium of a divalent metal. The 
zone will therefore tend to expand more in the ^:-direction than at right 
angles to it. Similar results follow from considering the vertical plane 
at right angles to abcde. Assuming overlap across the .^ 4 -faces for metallic 
indium, therefore, the crystal lattice may be expected to contract more 
in the direction of the c-axis than at right angles to it, and will thus relax 
towards cubic symmetry, as the electron to atom ratio decreases. 

Grateful acknowledgement is due to Prof. C. N. Hinshelwood, 
F.R.S., for laboratory accommodation and other research facilities, and 
to Dr. W. Hume-Rothery, F.R.S., in whose laboratory the work was 
carried out, for his interest and encouragement. The author also thanks 
the Department of Scientific and Industrial Research for a Senior Research 
Award, which he held while part of the work was in progress, and the 
Warren Committee of the Royal Society for financial assistance. 

Summary. 

The constitution of the magnesium-indium alloys has been examined, in 
the range 20 to 50 atomic % of indium, by micrographic and X-ray methods. 
The results show that alloys containing from 23*3 to 50 atomic % of indium, 
at temperatures between the solidus and 335° c. in the region of 25 atomic % 
of indium, or 298® c. in the region of 35 atomic % of indium, consist of a homo¬ 
geneous face-centred cubic solid solution, denoted j 3 . The solidus curve falls 
smoothly over this composition range, and experiment suggests that the solid 
solution extends to 100 % of indium. At lower temperatures, two other phases 
with complex structures are found. The j 3 i-phase (23*5 to 25 atomic % of indium 
at 200° c.) is stable up to 335® c., and the form of the equilibrium diagram is 
such that the primary solid solution of indium in magnesium is in equilibrium 
with above 327® c,, but with ft below this temperature. The jSg-phase has a 
limited range of homogeneity in the neighbourhood of 34*3 atomic % of indium, 
and is stable up to 298° c. The two-phase j8/(j6 -f- ^2) regions extend from 
28*1 to 42*4 atomic % of indium at 200° c., but disappear at 298® c. Between 
26-6 and 28*1 atomic % of indium, the ftphasc is stable down to 200® c. 

Two superlattice rearrangements are observed for the ftalloys, analogous 
to the ordering of CugAu and CuAu alloys. Alloys in the region of 25 atomic % 
of indium preserve cubic symmetry on ordering, but those containing from 
36 to 50 atomic % of indium become tetragonal when ordered. Between the 
lowest temperature at which the cubic random structure is observed, and the 
highest temperature at which the tetragonal ordered structure appears, there 
is a range of orthorhombic structures which appears to be stable. The extent 
of this range diminishes as the composition of the alloy approaches 50 atomic % 
of indium. 

The bearing <if some of the results on alloy theory is discussed. 
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I. Introduction. 

During the course of work directed towards an understanding of the 
equilibrium relations in the quaternary system aluminium-magnesium- 
manganese^zinc, the aluminium-rich comer of the ternary aluminium- 
magnesium-zinc system was investigated in detail.^* *• * It was found 
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that the solid solubility isothermals, along which the primary solid solu¬ 
tion of zinc and magnesium in aluminium is in equilibrium with a ternary 
compound T, could be represented accurately, except at high percentaeS 
of mapesium and low percentages of zinc, by the expression (M^(Zn)=it' 

As sho^ by Hume-Rothery « this type of relation is found when a 
“ equilibrium with a compound of substantially 
fixed composition. The solid solubUity isothermals for the equilibrium 

• Hume-Rothery. 7. Inst. Metals, 1943, 69, 209. 

I Hnme-Rother>’, ihid.. 1943, 69, 423. ^ ’ 

Little, Raynor and Hume-Rothery, ibid., 1943, 99, 467. 

Hume-Rothery, Phil. Mag., 1936, a2 (vii), 1013. 
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between the primary aluminium-rich solid solution and MggSi in the 
system aluminium-magnesium-silicon, for example, obey the expression 
(Mg)*(Si) = K. 

According to the work of Kdster and Dullenkopf,® however, the ternary 
phase T in the aluminium-magnesium-zinc system is of widely variable 
composition. Their results, for room temperatures, are reproduced in 
Fig. I. The range of homogeneity of the T-phase includes the composition 
AljMgjZus, upon which the phase is usually regarded as based. 

In view of the variable composition of the ternary phase, the existence 
of the relation (Mg)(Zn) = K was unexpected. The present paper de¬ 
scribes work undertaken to investigate this problem. 

II. Experimental. 

In order to examine the equilibrium relations between the T-phase and the 
primary solid solution, the tie-lines connecting the compositions of the two 
phases in equilibrium at a given temperature must be determined. For this 
purpose three series of alloys were prepared. 

(а) A series with compositions close to the aluminium-rich boundary of the 
T-phase, containing only very small amounts of the a-phase. 

(б) A series with compositions close to the primary solubility limit, containing 
only small amounts of the T-phase. 

(c) A series of intermediate compositions, containing the a- and T-phases 
in the approximate ratio 1:2. 

The metals used for preparing the alloys were of high purity. The aluminium 
was of superpurity grade, supplied by the British Aluminium Company, Ltd.; 
the zinc was spectroscopically pure material obtained from the Zinc Development 
Association, and the magnesium was of 99*95 % purity, obtained from the 
Magnesium Metals and Alloys Company, I.td. 

Alloys were prepared by melting together the appropriate quantities of the 
component metals under flux in crucibles lined with an alumina-fluorspar 
mixture. After thorough stirring with an alumina rod, the alloys were cast into 
heavy copper moulds, giving ingots 5/16 in. in diameter. 

Annealing treatments were carried out in sealed evacuated glass tubes. A 
separate tube was used for each alloy in order to avoid changes in composition 
by volatilisation of magnesium or zinc, and consequent distillation from one 
specimen to another. The furnaces in which the annealing experiments were 
made were controlled by Foster temperature regulators to within ± 1" c. of the 
required temperature. 

For the X-ray experiments, the heat-treated alloys which consisted almost 
entirely of the a-phase w-ere filed with a very fine steel file, and the filings annealed 
for a short time in vacuo in order to relieve stresses. The alloys which con¬ 
sisted mainly of the T-phase were crushed in an agate mortar until the powder 
produced was fine enough to pass through a 250-mesh sieve. The powder was 
not, however, sieved, owing to the duplex nature of the alloys. These crushed 
specimens were not in general re-annealed, since experiment showed that no 
appreciable stress remained, and annealing brought about no improvement or 
sharpening of the diffraction patterns obtained. The filings or powder specimens 
were mounted in the usual manner on hairs, using Canada Balsam dissolved in 
xylol as the mounting medium. 

Experience showed that in the case of the alloys containing appreciable 
quantities of both phases, better results were obtained by using a wire-form 
X-ray specimen instead of filings. In spite of the brittle nature of the alloys, 
it was found possible to turn satisfactory rods of 0*5 mm. diam. on a small lathe, 
using a sharp tool. 

Specimens were exposed to radiation from a Metropolitan Vickers demountable 
X-ray machine, in a 19 cm. Debye-Scherrer camera. In general copper 
radiation was used, since it gave high quality photographs suitable for accurate 
measurements. For the purpose of indexing the complex diffraction pattern 
of the T-phase, however, it was necessary to use chromium radiation, and 
for these experiments a hydrogen atmosphere was maintained inside the camera. 

The films were measured on an accurately calibrated measuring microscope, 
each individual line being measured several times. Reproducibility was found 

* Koster and Dullenkopf, Z. Metallkunde, 1936, 28, 363. 
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to be good. The Debye-Scherrer camera was calibrated against quartz • and 
checked against pure vacuum-melted silver at intervals during the work. The 
standard angle between the knife-edges of the camera was 84'2i3®. 

III. The Diffraction Pattern of the T-phase. 

According to the work of Laves, Loehberg and Witte,’ who examined an 
alloy of composition close to that of AljMggZn,, the T-phase is body-centred 
cubic with 161 atoms in the unit cell and a lattice spacing of I4‘i6 a. Because 
of the large number of diffraction lines involved, attempts to index films obtained 
with copper radiation led to confusion. Films obtained with chromium radiation 
proved more satisfactory for this purpose. 

In the case of an alloy containing 20 % Mg and 65 % Zn, 32 lines were care¬ 
fully measured. Assuming body-centred cubic symmetry, and a true lattice 
spacing of 14*1 to 14.2 a., it was possible to assign definite values for 

the low angle diffraction lines. Proceeding step by step to the higher angle 
lines, it was found that the most probable values of (A* + A* -h /*) for the six 
outermost lines were 134, 136, 138, 140, 142 and 144. Using the (A* -f A* -f 
values deduced for all the measured lines, a satisfactory extrapolation curve 
against cos* 6 was obtained, from which the extrapolated value of the lattice 
spacing was obtained as 14*100 to 14*102 AX. 

Checks on this interpretation were made by recalculating the spacings 
assuming (a) that the outermost line was characterised by (A* -f A* -f /*) = 146 
and {b) that it corresponded to (A* -{- A* -f- /*) = 142. Both these calculations 
led to inconsistent results. Further proof of the correctness of the indexing 
was given by the fact that, using the (A* -h A* 4- P)-values which gave rise to 
the satisfactory extrapolation curve, reflections corresponding to even numbers 
which could not be represented as the sum of three squares were character¬ 
istically absent. This work therefore confirmed the body-centred cubic nature 
of the ternarv phase. 

By comparison of films obtained from the same alloy by copper and chromium 
radiations, the outermost six lines which were accurately measurable on the 
copper film were found to correspond with (A* -f- A* -j- l^) values of 302, 306, 
310, 314, 318 and 326, and the extrapolated a value was 14*1005 ± 0*0005 AX, 
in excellent agreement with that obtained from the chromium film. It will be 
noted that no line corresponding to the forbidden number 316 was observed. 
The absence of this reflection provides a satisfactory check on the correctness 
of the indexing, in so far as the only alternative sequences for the outermost 
six lines are : 

A* 4 A* 4- /* — 306, 310, 314, 318, 322, 330. 

A* 4- A* f — 298, 302, 306, 310, 314, 322. 

Using these values, the lattice spacings obtained are not in agreement with 
those obtained from the chmmium film. The original indexing may therefore 
be taken as correct. 

Since the ternary phase is of variable composition, some films, corresponding 
to alloys of higher lattice spacing, showed lines of higher indices than those already 
described. No difficulty was experienced in assigning the correct (A* 4- A* -f- /*) 
values to these diffraction lines. 


IV. Results. 

The results obtained for four duplex alloys lying just within the tv/o-phaso 
field close to the a/(a 4 - T) boundary are given in Table I. These alloys were 
annealed in lump form for 14 days at 500° c. and 28 days at 200® c. Filings 
were prepared, and internal stresvses were relieved by annealing the filings for 
16 hours at 200“ c. 

The lattice spacings of the ternary phase, obtained from duplex alloys close 
to the (a f T)IT boundary are summarised in Table II. The lump specimens 
were slowly heated at 10 c. hour, in order to absorb the low melting eutectic 
material present in the cast ingots, to 420c., at which temperature they were 
held for 10 days. After this treatment the alloys were allowed to cool slowly 
in the furnace, at 10c. per hour, to 200"^ c., from which temperature they 
were rapidly cooled in air. Microscopic examination of the annealed ingots 
showed the presence of very small amounts of the a-solid solution in all specimens. 

« Lipson and Wilson, /. Sci. Instr,, 1941, 18, 144. 

’ Laves, Loehberg and Witte, Metallwirtschafi, 1935, 14, 793* 
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TABLE I 


.Comp, of Alloy Wt. % 

Comp, of Alloy At. %. 

»-ph«M Lattice 
Spacing, hX» at ao* C. 

Al. 

Mg. 

Zn. 

Al. 

Mg. 

Zn. 

96 

2 

2 

96-93 

2-24 

0-83 

4*04542 

94 

2 

4 

96-05 

2‘27 

1-68 

4-04393 

92 

2 

6 

95-15 

2-29 

2-56 

4*04322 

94 

4 

2 

94-70 

4-47 

0-83 

4*05255 


The third series of alloys, well within the two>phase (a -f T) region, were 
given an annealing treatment in all respects similar to that for the aUoys listed 
in Table II. The lattice spacing measurements are summarised in Table III. 

TABLE II 


Comp, of Alloy Wt. %. 

Comp, of Alloy At %. 

r-phase Lattice 
Spacing AX. 

Al. 

Mg. 

Zn. 

Al. 

Mg. 

Zn. 

15 

20 

65 

23-44 

34-66 

41*90 

14*1005 

23 

22 

55 

32-82 

34-81 

32-37 

14*1953 

30 

25 

45 

39-33 

36-34 

24-33 

14*2942 

38 

27 

35 

46-13 

36-35 

17-52 

14*3588 

44 

31 

25 

49-61 

38-76 

11-63 

14*4259 


From the data in 'J ables 1 and II, the variation of lattice spacing along the 
two-phase boundaries may be estimated, while the data in Table III enable the 
appropriate tie-lines to be fixed. 


TABLE III 


Comp, of Alloy Wt. %. j 

Comp. of Alloy At. %. 

Lattice 
a-pbase AX. 

Spacing of 
r-phase AX. 

Al. 

Mg. i 

Zn. 

Al. 

Mg. 

1 

Zn. 

42 

15 

•13 

54*99 

21-78 

23*23 

4*0466 

14*1550 

40 

17 

37 

57-42 

23-53 

19*05 

4*0510 

14*2405 

48 

19 

33 

58-05 

25-48 

16*47 

4*0552 

14*2955 

52 

21 

27 

60*17 

26*94 

12*89 

4*o6i6 

14*3570 


V. Lattice Spacing Variations along the a/(a + T) 

Phase Boundary. 

The a/(a -f T) phase boundary’ at 200® c. is shown, plotted in atomic per¬ 
centages, in Fig. 2. The compositions of the alloys examined are also plotted. 
These points lie on tie-lines, the intersections of which wdth the solubility iso¬ 
thermal give the saturated alloy compositions corresponding to the measured 
spacings. Since the compositions of the alloys examined are close to the boundary, 
quite large variations of the points of intersection of the tie-lines with the 
(a -{- T)IT phase boundary make very little difference to their points of inter¬ 
section with the a/(a -f 2 ') phase boundary. In order to obtain the lattice 
spacing variations along this boundary, therefore, little error is introduced by 
assuming the tie-lines, to a first approximation, to be evenly spaced across the 
two-phase region. The compositions on the phase boundary corresponding 
to the investigated alloys may then be written down (Table IV). 
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In view of the small extent of the primary solid solution area* it is justifiable 
to assume to a hist approximation that the lattice distortions pToduce<l by 
magnesium and *inc in the tema^ ahpys are additive. The work of Schmid 
and Siebel ® shows that the solution cA magnesium in aluminium produces an 
initial expansion of 0*00412 AX per atomic %, while, according to Owen and 
Iball,® one atomic % Zn reduces the lattice spacing of aluminium by 0*0009 AX- 



It is of interest to note that the distortion for i atomic % Mg, calculated from 
the ternary alloys containing 1*15 and 2*80 atomic % Mg and approximately 
equal amounts of zinc, is very close to the value deduced from the binary alloys. 

Taking the lattice spacing of pure aluminium at 20® c. as 4*0410 AX,*® the 
observed lattice spacings may therefore be represented by the expre.s.sion : 

a = 4*0410 -f 0*00412 (Mg) — 0*0009 (Zn) . . • (i) 

where (Mg) and (Zn) are the atomic percentages of the respective solutes. It is 

TABLE IV 


Alloy Investigated, Comp. 
At. %. 

Saturated Solid Solution j 
Comp. At. %. 

Obs. Lattice 
Spacing AX.! 

Calc. Lattice 
Spacing AX. 

Deviation. 

A. 

Al. 

Mg. 

Zn. 

AI. 

Mg. 

Zn. 

96*93 

2*24 

0-83 ! 

9«-75 

1*15 

0*10 

4*04542 

4*04565 

4- 0*00023 

96*05 

2*27 

1*68 

99‘20 

0*65 

015 

4*04393 

4*04355 

— 0*00038 

95 * *5 

2*29 

2,56 

c> 9-2 7 

0-45 

0*28 

4*04322 

4*04260 

— 0*00062 

94-70 

4-47 

0-83 

07-05 

2*So 

0*07 

4*05255 

i 

4-05248 

— 0*00007 


thus x>ossible to calculate the spacing for any alloy on the a/(a + T) boundaiy% 
and vice versa. Values of the lattice spacing calculated from this expression 
are given in Table IV, together with the deviations from the observed results. 
These deviations are rather larger than vrould be expected, and are an indication 
that the assumption of equally spaced tie-lines is not strictly correct. In 
particular, the relatively large deviation of 0*00062 for the third composition 
in Table IV indicates that the magnesium figure of this composition is too low. 

• Schmid and Siebel, Z, Mctallkunde, 193L 23 » 202. 

• Owen and IbaU, Phil. Mag., i 934 * > 7 » 433 * 

Wilson, Free. Physic. Soc., i 94 -» 54 » 4 ^ 7 - 


2 
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VI. Lattice Spacing Variations along the (a + r)/r 
Phase Boundary. 

Since only very small amounts of the a-phase were present in the alloys 
listed in Table II, the compositions of these alloys may be taken to represent 
closely the r/(a -f T) phase boundary. The lattice spacings given in Table II 
give the spacing variations along this boundary. 

Fig. 3 shows the lattice spacings plotted against the atomic % Zn in the alloy. 



Fig, 3. 

The straight line kl, drawn through the points for the alloys which contain 41*90 
and 32*37 atomic % Zn and almost equal amounts of magnesium, is accurately 
parallel to the straight line mn drawn through the points for the alloys containing 
24*33 and 17*52 atomic % Zn. The latter two alloys again have equal amounts 
of magnesium. The lattice spacings therefore appear to vary linearly with 
the zinc content; the variation, from Fig. 3, is — 0-0098 kX per atomic %. 

The variation of the lattice spacing of the T-phase with the magnesium 
content cannot be directly tested with the alloys employed. Since the mag¬ 
nesium content does not vary greatly along the (a -f T)IT boundary, it is justi¬ 
fiable to assume that the variation is linear. From the separation of the lines 
kl and mn in Fig. 3, an increase of one atomic % of magnesium causes a lattice 
spacing increase of approximately 0-0125 

From these figures, the spacing variation along the boundary may be cal¬ 
culated, taking the alloy with 41-9 atomic % Zn as a basis for calculation, by 
means of the expression. 

a = 14*1005 -I (41*90 — (Zn)) X 0*0098 -f ((Mg) — 34*66) x 0-0125 • (2) 

where (Zn) and (Mg) are the atomic percentages of zinc and magnesium in the 
alloy whose spacing is required. Conversely, the composition corresponding to 
a given spacing may be approximately derived. 


VII. Lattice Spacings in the Two-phase Region. 

(a) Compositions corresponding to the measured spacings of the 7 '-phase. 
Taking the (a -h T)IT phase boundary as represented accurately enough 

by the compositions given in Table II, then by the use of equation (2) the com¬ 
positions along this boundary which correspond to the measured spacings given 
in Table III are as follows (Table V). 

(b) Compositions corresponding to the measured spacings of the a-phase. 

The lowest a-phase spacing recorded for the two-phase alloys is 4-0466 kX. 

From Table IV, this must correspond with a magnesium content greater than 
1-15 atomic %, if equilibrium at 200° c. can be assumed. In this region of 
the 200° c. solid solubility curve, the zinc content is almost constant at-0*05 
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to 0*10 atomic %. The magnesium and zinc contents corresponding to the 
measured spacings from equation (i) 
are : 

kX At. % Zinc At. % Magnesium 
4*0466 0*1 1*38 

4*0510 0*07 2*44 

4*0552 0*05 3*45 

4*0616 0*05 5*01 

It will be noted that the last two 
magnesium compositions are too high 
to correspond with equilibrium at 
200® c. The slowly cooled two-phase 
alloys must therefore approximate to 
equilibrium at some higher tempera¬ 
ture. Under the conditions of the 
experiments, it is unlikely that this 
temperature exceeds 300° c. The points on the 300° c. solubility isothermal 
which correspond with the measured spacings are : 


kX 

At. % Zinc 

At . % Magnesium 

4*0466 

0*8 

1*55 

4*0510 

0-53 

2*55 

4*0552 

0*38 

3*55 

4*0616 

0*20 

5*02 


Fig. 4 shows the 300° c solubility isothermal, and the tie-lines deduced from 
the present work. As shown in previous work,* at 300° c. the expression 
(Mg)(Zn) = K holds accurately for zinc contents greater than 0*5 to o*6 atomic 
%. It is clear from Fig. 4 that the tie-lines run in such a manner that the curved 
portion of the a/(a + T) boundary which obeys the expression (Mg)(Zn) = K 
represents equilibrium with the T-phase of a composition near to that given by 



Fig. 4. 

the formula AljMgaZna. The same is true if, as is probable, the slowly cooled 
alloys used in the present work correspond with equilibrium at some temperature 
between 300° and 200® c. The existence of this expression may therefore be 
understood from the principle of mass action, since the magnesium and zinc 
will be present in approximately equi-atomic proportions in the T-phase which 
is in equilibrium with the a-compositions involved. 

It is reasonable to conclude that the same principles apply at higher tempera¬ 
tures, and that this accounts for the fact that the expression (Mg)(Zn)=i^ applies 
accurately, except where the magnesium content is high and the zinc content 
is low. For this part of the solubilitv curve the composition of the T-phase 
does not approximate to the formula AlgMgjZng. 


TABLE V 


Spacing kX. 

Corresponding Composition At. %. 

Al. 

Mg. 

Zn. 

14*1550 

29*0 

34*7 

36-3 

14*2405 

35*5 

35*5 

29*0 

14*2955 

40*0 

36*0 

[ 24*0 

14*3570 

44*0 

37*0 

19*0 
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VIII. More Accurate Derivation oi Saturated Solid 
Solution Compositions. 

The saturated, primary, solid-solubility compositions corrcspondiM to the 
measured lattice spacings of the allo)^ consisting mainly of the a-phase (Table 
were derived on the assumption of equally spaced tie-lines. Fig. 4 shows that 
the tie-lines are not equally spaced, but, for the zinc-rich portion of the a/(a 4* T) 
boundary, run almost parallel to the line dividing the (a 4- T) and (a -f -f MgZn,) 
phase fields. It is thus possible to revise the values of the saturated solid solu¬ 
tion compositions given in Table IV in accordance with the new information. 
The revised compositions and the lattice spacings calculated from them by the 
use of equation (i), are given in Table VI. 

TABLE VI 


Alloy Invgtd. Composition. 

Saturated Solid Soln. 

Obs. Lattice 
Spacing kX 

Calc. Lattice 
Spacing kX, 

Deviation 

A. 

Al. 

Mg. j 

Zn. 

Al. 

Mg. 

Zn. 

Q6-C)3 

2-24 

0-83 

9«-75 

1*15 

0-10 

4-04542 I 

4-04563 

-f 0-00021 

96-05 

2*27 

1*68 

99-10 

o-8o 

o-io 

4-04393 

4*04410 

4- 0*00020 

96-15 

2*29 

2*56 

99-^5 

0*55 

0-20 

4*04322 , 

4-04309 

— 0*00013 

94-70 

4*47 

0-83 

97-05 

2-8o 

0-07 

4-05255 

4-05248 

— 0-00007 


The difierences between the observed and calculated lattice spacings for the 
second and third compositions are now much smaller. This gives coiSrmation 
to the tie-lines deduced from the present work. 

This work was carried out in the Inorganic Chemistry Laboratory 
of the University of Oxford, and grateful acknowledgement must be made 
to Professor C. N. Hinshelwood, F.R.S., for providing laboratory accom¬ 
modation and many other facilities which greatly aided the research. 

IX. Summary and Conclusions. 

(a) From measurements of the lattice spacings of the a-phase in duplex 
alloys (annealed at 200° c.) close to the solubility limit, the variation of lattice 
spacing along the a/(a 4- T) phase boundary was established, assuming the tie¬ 
lines, as a first approximation, to be equaUy spaced. Within close limits, the 
distortions produced by magnesium and zinc in the ternary alloys are additive. 

(fe) Similar measurements of the lattice spacings of the T-phase in duplex 
alloys (slowly cooled to 200° c.) close to the (a -f 7 ')/r phase boundary allowed 
the spacing, and its variation with composition, along this bound ar}' to be deter¬ 
mined. 

{c) Measurements of the lattice spacings of both phases in alloys (slowly 
cooled to 200° c.) lying well within the (a 4- T) region, combined with the deter¬ 
mined variations of these spacings with composition, showed that the state of 
the alloys corresponded with equilibrium at a somewhat higher temperature 
than 200® c. The results were consistent with equilibrium in the region of 300® c., 
and tie-lines, showing the compositions of the phases in equilibrium with each 
other, were plotted. 

{d) The tie-lines deduced are not evenly spaced, but indicate that the portion 
of the a-phase boundary for which the relation (Mg)(Zn) = K is accurately 
obeyed involves equilibrium with the T-phase of a composition near to that 
given by the formula AljMgaZnj. 

Dept, of Metallurgy, 

The University, 

Birmingham. 



DISTRIBUTION FUNCTIONS AND CRYSTALLINE 

MATERIALS. 

By a. D. Booth. 

Received 12th August^ 1946. 

Although the application of the idea of a distribution function to the 
case of X-ray diffraction from amorphous materials is well known, much 
less attention has been given to the case where the given information is 
in the form of a table of structure factors F (h, k, 1 ). The difference 
is fundamentally that between a continuous and a discontinuous function 
and Warren and Gingrich, in their classical paper ^ derived results for 
the former case. It is interesting to note that historically * the form of 
the result for amorphous materials gave Patterson the basic idea for his 
now famous synthesis. 

From the standpoint of present day technique this approach is un¬ 
necessarily complicated and it seems worth while to give an alternative 
derivation, applicable to single crystal data, and based directly on the 
Patterson synthesis.® In addition to this purely formal objective, the 
classical 3-dimensional distribution function is shown to be only one 
of a trilogy of results applicable to various types of summation, and 
furthermore, the examination of a particular case gives interesting in¬ 
formation regarding the resolution obtainable with the normal and 
“ sharpened Patterson series. 

The Patterson density at any point (u, v, vu) is defined by the equation : 

P{u, = 111 y» • P{^ + w, y + -2: + w)dx . dy . dz (i) 

where p(jr, y, z) is the electron density at any point (x, y, z) and the in¬ 
tegration extends over the whole unit cell of the crystal. It is seen, on 
inspecting equation (i), that the Patterson distribution ^viIl have maxima 
whenever (x, y, z) and (x + u, y -\~ v, z w) coincide with maxima in 
the original electron density distribution. Thus the maxima in P space, 
corresponding to atoms distant b from each other in real space, will all 
lie on the surface of a sphere of radius b and centred on the origin. The 
particular location of these maxima on the sphere will be given by the 
vector direction of the interatomic bond in real space. Furthermore, 
if the sum of all Patterson density on the surface of the sphere be taken, 
this will give a measure of the number of interatomic bonds of correspond¬ 
ing length in the original distribution. The exact interpretation is com¬ 
plicated by the fact that the interacting atoms may not be of equal size, 
and this makes the method of qualitative rather than quantitative interest. 
If the distribution in real space consisted of points having given weights, 
the radial distribution in P would give discrete maxima whose heights 
were equal to the sum of the products of all interacting weights at exactly 
that distance apart. This more quantitative type of distribution can 
be realised by the use of the sharpened Patterson synthesis, as will be 
shown later. 

Just as equation (i) defines a Patterson function for a three-dimensional 
density distribution, Patterson distributions can be obtained for two- 
and one-dimensional cases, corresponding to electron density projections 

^ Warren and Gingrich, Physic. Rev,, 1934 , 46 , 368 . 

* Warren, A.S.X,R.E.jD, Conference, 1946. 

• Patterson, Physic, Rev., 1934, 46, 372. 
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on a plane and on a line respectively. From these too, radial distribu¬ 
tions are obtainable, the summation being over the circumference of a 
circle and at a point on the line. 

In the case of a crystal lattice, the electron density is given by: 

p{*. >'. ^) = -p 2ZZ I ^ I ~ 

A k I 

and it is easily shown, using the orthogonality properties of the sine and 
cosine functions, that the Patterson function reduces to : 


P (u, V, w) = ~ 111 (h, k, 1 ) . cos 


( 3 ) 


h h I 


The practical importance of the series (3) lies in the fact that it does not 
contain the phase angles a {h, k, /), which are not at present determinable 
experimentally. The two- and one-dimensional versions of (3) are ob¬ 
tained in a like manner and are : 


P(H. 11 F“ (h, k. o) . cos -f {two-dimensional) 

P(u) = (//, o, o) , cos (one-dimensio'nal). 

h 

Following the procedure outlined above, a distribution function pt[v) 
is delined by the relation : 


^TTr'^p^{y)^y = f P{u, V, w) . (IS . dy . . . (4) 

J 8 

where the integration extends over the spherical surface S, Substituting 
from (3) in equation (4) 


47r>'^p,(r).d»'=p( 5 ) 

The integrals are best e\'aluated by transforming to an axis normal to 
the plane (h, h, 1 ) and to tw'o perpendicular axes in the plane. Calling 
the spacing of the pianos d(h, /i, 1 ) and the element of the normal d«, 
the typical integral becomes : 




47 rr' 


2 rrn 

cos jT TjY. . 2 n , dn 
d(hkl) 

^ sin 2 wrld(hkl) 

27rrld(hki) 


whence : 


piif) 




sin 2nr/d(h, k, 1 ) 
2 irYjd{h, k, 1 ) * 


( 6 ) 


( 7 ) 


A k I 

In a like manner the two- and one-dimensional cases can be treated. 
The distributions arc 27 ry . p.i(r) . dr and pi(r) . dr, where : 


/>»(»•) = 4 11 F»(//, k, o) . J, 27 rrld(h, k.o)* . . (8) 

^ h k 

Pii^) ^ F'* (h, o, o) . cos 27 rrld [h, 0,0) . . (9) 

a “ 


• /o(^) = (cos x/n) where P^ is Legendre's function in view of spherical 

n-»-oc 

distribution of points. 



A. D. BOOTH 


is the zero-order Bessel function. It is interesting to observe that, 
taking account of the relation p, o) « ajh, (9) is simply the one¬ 
dimensional Patterson series. ♦ 

The series (7), (8) and (9) give the qualitative type of distribution first 
envisaged. It is easily shown,* that if in equation (3) each coef&c:ent 
F* (h, k, 1 ) is divided by a quantity I* (A, k, 1 ) to be defined later, the re¬ 
sulting series represents not a continuous distribution but a function which 
is zero except at a finite number 
of points. The magnitude at these 
points is simply the product of the 
atomic numbers of the interacting 
atoms in real space, and the posi¬ 
tions of the points coincide with 
the maxima of the initial Patterson 
distribution. The function f [h, k, 1 ) 
is the average atomic scattering 
factor of the atoms comprising the 
distribution in real space, and is 
so scaled as to have the value unity 
at zero reciprocal spacing. This 
assumption, which implies a simi¬ 
lar scattering factor curve for 
different atoms, has been verified 
in recent work.* 

In the case of experimentally 


0 2 0^0-6 0'6f-0 t Z V4 


(in A) 


-.- r -. -*0 -'- 

derived series the termination at i.—Radial distribution curves for 

a finite number of terms prevents oxalic acid projection, 

the realisation of this ideal state 

t)f affairs, but even so the modified series is a considerable improvement 
on the original. 

From the sharpened series distribution functions $P‘i »Pt 
be obtained by the same technique as before. They are given by : 



./’sW = k. i) ■ 

I ZpTorZ)--/' 


V^[h, k, 1 ) sin zirrldih, h, 1 ) 

k, 1) ’ 2'nfjd[h, k, 1) 


- ^ P(h, k, o) 
• o, o) 


.J,2nrld[h, k, o) 




The first of these series differs from that obtained by Warren in his original 
paper in giving a maximum at the origin. This is due to the self-inter¬ 
action of atomic peaks and can be removed, if desired, by taking as co¬ 
efficients the quantities : 

(13) 

where A\ is the atomic number of the r*** atom, and the summation extends 
over the n atoms in the unit cell. The disadvantage of this procedure 
lies in the fact that it requires an accurate knowledge of the absolute 
values of the F(A, k, 1 ). The additional maximum due to this cause is, 
in any case, unlikely to cause confusion as it is very close to the origin 
and can easily be identified. The series (ii) is new and is applicable to 
two-dimensional data, whilst the last result is simply the one-dimensional 
sharpened Patterson series. 


* Booth, Nature, 1945# 156, 51; Proc, Roy, Soc, A, 1947, 188 77. 
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Examples of the use of equation (xo)» modihed by the introduction 
of the coefficients (13). have ^n given by Warren ‘ and so it need not 
receive attention here; the one-dimensional Patterson series is also well 
knoMm. The new series, both (8) and (ii), have been applied to oxalic 
acid taking the F(A, o, /) data. This affords a favourable example, since 
the projection is free from overlapping. In Fig. i is given the distribution 
resulting from the use of each of the two versions, and it is seen that the 
simple series (8) gives no indication of the presence of a minimum distance 
of approach, whereas the sharpened function shows it clearly. This 
comparison indicates the unsatisfactory nature of the ordinary Patterson 
synthesis and suggests the desirability of according more attention to the 
sharpened version. 

Summary. 

The application of the distribution function technique to X-ray data obtain¬ 
able from amorphous substances is well known, but little use has been made of 
the corresponding function for the discrete observations obtained in single crystal 
work. The problem is approached via the Patterson series, and the cla^ical 
distribution function of Warren is shown to be only one of a series of such results, 
applicable to observations of varying dimensions of summation. 

In a particular case the method is used to demonstrate the superior resolving 
power of the sharpened version of the Patterson series. 

Physics Department, 

Birkbeck College, 

London. 


THE FORCE CONSTANTS OF SOME 
OH AND NH LINKS. 

By R. E. Richards. 

Received 12th August, 1946. 

In a molecule containing a group —X—H, where X is an atom much 
heavier than the hydrogen atom, the frequency of the stretching vibration 
of the X—H link is found to be nearly independent of the mass of the 
grouping attached to the X-atom. To a first approximation the stretching 
force constant of the X—H link may therefore be written k = 4trV*/i, 
where k is the stretching force constant of the link, v is the fundamental 
frequency of the valency vibration, and fi is the reduced mass of the link, 
the vibration being assumed harmonic. This approximation holds only 
if there is no other grouping in the molecule having a frequency equal 
to or very close to that of the X—H link. For groups with more than 
one hydrogen atom attached to the X-atom, appropriate expressions for 
the force constant must be used which take into account the interactions 
between the vibrations of the similar links. These have been given by 
Linnett.* 

Molecules containing OH or NH links often form intermolecular 
hydrogen bonds in the liquid or solid state and when this occurs the val¬ 
ency vibration frequency of the OH or NH link is considerably affected.** * 
When discussing the variations of OH or NH force constants, therefore, 
it is most important that all the vibration frequencies used should be 
obtained from measurements made under comparable conditions. Since 
the strength of hydrogen bonding varies widely with different compounds 

* Linnett, Trans. Faraday Soc., 1945, 41, 223. 

* Pauling, The Nature of the Chemical Bond. 

* Fox and Martin, Trans. Faraday Soc., 1940, 36, 897. 
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and with the state of aggregation, comparable results can only be ob¬ 
tained from measurements carried* <>ut on the unassociated compounds, 
i.e., on the vapours or on very diliite solutions in a non-hydroxylic solvent. 
Discrepancies which appear between the values of the force constants 
listed in Tables I and II and those given by Linnett ^ are probably due to 
the fact that Linnett used some vibration frequencies obtained from 
Raman measurements on the liquid or solid substances, where association 
through hydrogen bonds often occurs. In particular, the values of the 
NH force constants of amides given by Linnett are too low, due to the 
very strong association which occurs in these substances. 

The stretching force constants of the OH links of a series of compounds 
are given in Table 1 . The force constant of the OH link of methyl alcohol 
is appreciably smaller than that of water vapour. Ethyl alcohol has a 
still smaller OH force constant, although further lengthening of the alkyl 
chain has little effect. Tertiary butyl alcohol, however, shows a further 
lowering of the OH force constant. The alcohols containing an aromatic 

TABLE I 

Stretching Force Constants of OH Links 


Compoujad. 

*(OH) 

X IO-* 
dynet/cm. 

KOH) cm.-i. 

State. 

Reference. 

Water .... 

7.76 

3652.3756 

vapour 

14 


7*44 

3614,3705 

CCI4 solution 

24 

Methyl alcohol 

7*54 

3683 

vapour 

11 


7-36 

3640 

CCI4 solution 

25, 10 

Ethyl alcohol 

7-36 

3640 

vapour 

10 


7-36 

3640 

CCI4 solution 

25. 10 

♦f-Butyl alcohol 

7-35 

3636 

»» 

12 

Stearyl alcohol 

7*35 

363^ 


12 

Cetyl alcohol 

7*35 

3fi3fi 


12 

/frf-Butyl alcohol . 

7*26 

361b 


12 

Benzyl alcohol 

7*27 

3618 

9 $ 

12 

Diphenyl carbinol . 

7*26 

3616 

>» 

12 

Triphenyl carbinol. 

7*25 

3612 


12 

Phenol 

7*25 

3612 

99 

12 

Benzoic acid 

7*04 

35bo 


13 

Acetic acid . 

6*98 

3545 

1 

1 

13 

Trichlor-acetic acid 

6-88 

3520 

1 

1 

13 


ring show a steady value at about 7-25 x 10^ dynes/cm. The force 
constants of the OH links of the carboxylic acids are lower than those of 
any of the alcohols ; it is significant that the strongest acid, namely, 
trichloracetic acid, has the smallest force constant. 

These variations confirm that increasing electronegativity of the 
hydrogen atom relative to the oxygen atom will reduce the force constant 
of the OH link.’ Thus, contributions of structures such as H'‘CHy=OL-H 
or H+CHg = OH~ explain the lowering of the force constant in methyl 
alcohol from the value found for water vapour, and also the further re¬ 
duction observed in tertiary butyl alcohol as compared with the steady 
value shovTi by the long chain aliphatic alcohols. The low value of the 

* Buswell, Rodebush, and Roy, /. Amer. Ckem. Soc,, 1938, 60, 2444. 

® Buswell, Downing, and Rodebush, ibid., 1940, 62, 2759. 

« Richards and Thompson /. Chem. Soc., 1947, 1248. 

’ Longuet-Higgins, Trans. Faraday Soc., 1945, 4*» 233. 

2 ♦ 
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stretching force constant of the OH group in the carboxylic acids is un¬ 
doubtedly due to the fractional positive charge on the hydroxyl oxygen 
atom resulting from the contribution of the dipolar form 

R.C^ 

^O—H 

+ I 

to the resonance hybrid. Trichloracetic acid, in which the strongly 
electrophilic —CCl, group causes a still further increase of the positive 
charge on the hydroxyl oxygen atom, shows a lower OH force constant 

TABLE II 

Stretching Force Constants of NH Links ♦ 


Compound. 

lfe(NH) 

X lO*-* 
dynes/cm. 

y{NH) cm.“». 

State. 

Reference. 

Ammonia 

6-38 

3414.3336 

vapour 

21 

Methylamine 

6*40 

3365.3470 

,, 

15.16 

Dimethylamine 

6-31 

3384 

„ 

15 

Ethylene imine 

tvo8 

33^2 

- 

17 

Aniline.... 

6-54 

3410, 3480 

CCI4 solution 

18, 19 

Diphenylamine 

6-55 

3445 

M 

18, 20 

^-Toluidine . 

0*50 

3395. 3475 

f$ 

18 

p-Anisidine . 

(>•45 

3384, 3460 


18 

w-Methyl-;^-toluidine 

6-52 

344^> 

99 

18 

n-Ethyl aniline 

6-48 

3430 

99 

18 

Acetamide . 

6*66 

3420, 3534 

9 9 

4 

Propionamide 

6-06 

34-20, 3534 

99 

4 

Butyramidc . 

6*66 

i 3420, 3534 

99 

18 

Caproamide . 

6-G() 

i 3420, 3334 

99 

18 

Valeramide . 

6*()(» 

3420, 3534 

99 

4 

Benzamide . 

6*f)() 

3420, 3534 

9 9 

4 

«-Cyclohexyl acetamide . 

b-55 

344« 


4 

«-Ethyl acetamide. 

b\59 

3460 

9 9 

4 

Acetanilide . 

^•55 

344« 

99 

4 

Benzanilide . 

6-72 

3497 

9 1 

4 


* Unfortunately it has not been possible to obtain a value for the NH stretch¬ 
ing force constant of the NHJ ion in dilute solution in carbon tetrachloride on 
account of the extreme insolubility of ammonium salts in this solvent. 


than acetic acid. Tlie stretching force constant of the OH link of the.se 
carboxylic acids decreases with increasing dissociation constant of the acid. 

It should be noted that in the examples quoted above there is no change 
of bond hybridisation, and that the force constant is primarily dependent 
upon the fractional electric charge resident on the oxygen atom, or m 
other words, by the electronegativity of the hydrogen atom relative tc^ 
the oxygen atom. 

® Fox and Martin, Trans. Faraday Soc., 1940, 36, 897. 

• Davies, ibid., 1940, 36, 333. 

Errera, Compt. rend., 1937# ^4* 259- 

“ Borden, J. Chem. Physics, 1938, 6, 553. 

Fox and Martin, Proc. Roy. Soc. A, 1937. 4 i 9 - 

Buswell, Rodebush, and Roy, J. Amer. Chem. Soc., 1938, 60, 2239. 

Herzberg, Jnfra-red and Raman Spectra, p. 161. 

“ Kirby Smith and Bonner, Physic. Rev., 1939, 55, 1113. 

Cleaves. J. Chem. Physics, 1939, 7, 563. 
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Table II shows the stretching force constants of the NH links of a 
series of compounds analogous to -th^ given in Table I. The force con¬ 
stants of the NH links are reduced in passing along the series NHg, 
CH. 

CHjNH,, (CHg)jNH, | yNH, and the explanation of the change of force 
CH/ 

constant is probably similar to that applied to the aliphatic alcohols. 
Thus, contribution of structures such as H"'* CH2—NH H" would account 
for a decreased NH force constant. The value of the force constant for 
methylamine does in fact appear to be higher than that of ammonia, 
but the accuracy of the calculations is such that no significance can be 
attached to this. The general trend of the figures should be considered 
rather than the individual values. 

The NH stretching force constants of the aromatic amines, however, 
have slightly higher values than for ammonia, whilst in the acid amides 
the NH link has a still higher stretching force constant. It is evident 
that some other effect than that described above comes into play in these 
cases, particularly in view of the fact that the NH or OH stretching fre¬ 
quencies are often lower in solution than in the vapour. 

Now it is well known that the CH stretching force constant varies 
considerably as the type of bond hybridisation of the carbon atom 
changes. •• This is well illustrated by the series : ^ 



Ethane. 

Ethylene. 

Acetylene. 

Force constant of CH link X io“® dynes/cm. 

4-97 

5-1 

6*0 

Type of bond hybridisation 


sp‘ 



Thus, as the proportion of the 6' orbital increa.ses relative to the p orbital 
in the final hybrid, so the force constant of the CH link is increased. 

In the simple aliphatic amines the type of l>onding may be written />*, 
since the nitrogen atom is using predominantly its three 2p orbitals. In 
the acid amides, however, where considerable resonance with a dipolar 
form occurs : • 

.0- 

R.CC : R.C< 

^NH, NHg 

+ 

the nitrogen atom must be involved in a type of bonding having consider¬ 
able sp^ character. It seems, therefore, that as in the case of the CH 
bonds, a change of bond hybridisation to a type having an increased 
proportion of 5 orbital causes a rise of the NH stretching force constant, 
which in this case is greater than the lowering effect on the force constant 
due to the fractional positive charge on the nitrogen atom. In the aro- 

4. 

matic amines, where the contribution of the form CgHj—NH3 to the 

Thompson and Harris, J. Chem.-Soc,» 1944, 3 ^^- 
Richards, measurements in this laboratory. 

Buswell, Downing and Kodebush, /. Amer. Chem. Soc., 1939, 61, 3253. 
Buswell, Downing and Rodebush, ibid., 1940, 62, 2760. 

See ref. 14, p. 177. 

** Sidgwick, Organic Chemistry of Nitrogen, 1937, P- I 43 * 

** Sutherland and Dennison, Proc. Roy. Soc. A, 1935, 148, 250. 

Fox and Martin, ibid., 1940, 174, 234. 

•* Errera, Nature, 1936, 138^ 882; Errera, Gaspart and Sack, J. Chem^ 
Physics, 1940, 8, 63. 
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resonance hybrid is smaller than in the amides, the effect of the change 
of hybridisation of the bond orbitals of the nitrogen atom only just appears 
to outweigh the effect of the fractional electric charge on the nitrogen 
atom. 

These results throw some light on the structure of amides in very 
dilute solution. It is possible that these compounds could exist in an 
enolic form such as 


R.C< 


OH 

NH 


(A) 


Resonance would probably occur between this structure and the dipolar 
form 


R.O 


to—H 


NH 


(B) 


If this were so, the OH stretching force constant would be expected at a 
lower value than in the aliphatic alcohols (cf. the carboxylic acids) and 
the NH stretching force constant at a higher value than in the aliphatic 
amines. Using the frequencies 3420 cm.~^, 3534 cm.~^ found for acetamide 
in dilute solution in carbon tetrachloride, and assigning the former to the 
NH link and the latter to the OH link, we have A(NH) = 6-44 x 10® 
dynes/cm., and ^(OH) == 6 92 x 10* dynes/cm. The force constant of 
the OH link is certainly much lower than in the alcohols, its value being 
only comparable with that of the very strongly acidic trichloracetic acid. 
In order to account for such a low value, the contribution of the dipolar 
form (B) would have to be very considerable. This in turn should cause 
the NH stretching force constant to be very much higher than in the 
aliphatic amines, but this is not the case. It is worth noting, also, that 
if the ketonic form is assumed for the unsubstituted amides, and the 
half-angle between the NH bonds taken as 60°, then the stretching force 
constant as calculated from the symmetrical and antis)nnmetrical vibra¬ 
tion frequencies are 6*66, and 6*66 X 10® dynes/cm. The closeness of 
this agreement is probably fortuitous but gives some further support 
for the ketonic structure of amides. 

We may conclude, therefore, that in dilute solution, amides probably 
exist mainly in the ketonic form (see also 6). 

I should like to thank the Department of Scientific and Industrial 
Research for a grant. 


Summary. 

The stretching force constants of some OH and NH Jinks have been cal¬ 
culated. Interpretations are put forward for the different variations in the 
force constants which are observed in the two cases. 

The Physical Chemistry Laboratory, 

Oxford. 



THE REPLACEMENT REACTIONS OF 
p-p^-DICHLORODIETHYL SULPHIDE AND OF 
SOME ANALOGUES IN AQUEOUS SOLUTION: 
THE ISOLATION OF p-CHLORO-^'-HYDROXY 
DIETHYL SULPHIDE.* 

By A. G. Ogston, with (in part) E. R. Holiday, J, St. L. Philpot 

AND L. A. Stocken. 

Received 20th September, 1946. 

PART 1. 

THE KINETICS OF HYDROLYSIS AND REPLACEMENT 
REACTIONS OF p-P'-DICHLORODIETHYL SULPHIDE. 

The starting point was the work of Peters and Walker.* They studied 
the rate of formation of acid by mustard gas in water and water-alcohol 
mixtures, in the presence and absence of salts, including chlorides; they 
worked at constant temperature and at approximately constant />h. 
They observed that the rate of reaction is independent of /)H over a wide 
range, is strongly depressed by alcohol and is depressed by salts. The 

* This is a brief account of a part of the work undertaken as an extramural 
programme under the Ministry of Supply during the years 1939-1944* The 
programme was initiated by Prof. R. A. Peters at the outbreak of war and 
carried out under his direction. He has supplied the following note as to its 
origin and as to the part played by various members of the team. 

“ It was known from work in 1924/25 (Walker and Peters,' Walker •) that 
vesicants like dichlorodiethyLsulphone (DES) and allyl i^othiocyanate attacked 
fixed —SH groups in skin, muscle, etc. Later (Peters *) it was found that DES 
had a selective action on the pyruvate oxidase system in brain. Hence, it w^as 
decided first to investigate the value of various —SH compounds in neutralising 
vesicants of this kind both in vitro on this enzyme and in vivo, in the hope of 
finding one sufficiently reactive towards mustard gas to protect the naturally 
occurring groups from its attack. 

“ This work was undertaken by a sub-group, and J. St. L. Philpot suggested 
the systematic examination kinetically as well as biologically of a variety of 
thiols. After investigation of several compounds, the valuable and wide general¬ 
isation described here and known as the “competition theory*’ emerged ; this 
orientated the probable action of mustard gas towards most biochemical group¬ 
ings. A major share in the kinetic work was taken by Dr. Ogston, whose work 
with Dr. Holiday extended over some 4 years; during the first 9 months of the 
war, however, before they became engaged in other work, the contributions of 
Mr. Philpot and Dr. Stocken were important.” 

The kinetics of the reaction with mustard gas of some 80 substances were 
examined. These were mostly suggested by J. St, L. Philpot and a number of 
them were made by him and by L. A. Stocken, some, it is believed, for the first 
tixne. The more promising of these were tested for protection of the pyruvate 
oxidate system by Prof. Peters and of animals (rats) by Philpot and Holiday. 
Only the kinetic work is described here. It is realised that in parts this work 
falls short of being a finished scientific study. Its object was primarily thera¬ 
peutic. It is not being continued by any of us and is therefore reported now, 
as it stands. The biological bearing of this work will be discussed elsewhere. 

'Walker and Peters, Govt. Reports, 1924-25. 

* Walker, Biochem. J., 1925,* 19, 1085. • Peters, Nature, 1936, 138, 327. 

* Peters and Walker, Biochem. 1923, 17, 260. 
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work of Ingold and his school (see Watson,* Hughes •) made it possible 
to interpret these results: it appeared that mustard gas must react by 
the SNi mechanism and that the rate of total reaction in aqueous solutions 
must be unimolecular with respect to mustard gas and independent of 
the concentration of any substituting reagent. These results were con¬ 
firmed in the present Work; a very slow SN2 reaction of mustard gas 
with diethyldithiocarbamate was demonstrable in 95 % alcohol, still 
slower even than the drastically retarded SNi reaction. 

Experimental. 

All measurements were made at 25*0® c. in 5 % ethyl alcohol v/v; the alcohol 
was included in order to increase the solubility of mustard gas and to provide 
a convenient means of adding it. One ml. of alcohol containing 10 mg. of mustard 
gas was added rapidly at zero time to 19 ml. of water containing the desired 
reagents, in a 50 ml. conical flask; the mixture was immediately shaken vigor¬ 
ously for a few seconds and was kept gently agitated throughout the period of 
observation. Two sorts of measurements were made. 

(1) Acidimetric: a modification of the method of Peters and Walker* was 
used. The flask was attached flexibly to a 5 ml. burette containing N./50 NaOH. 
A small amount of indicator was added to the flask and the mixture was titrated 
with alkali in definite small amounts, each addition being sufficient to bring the 
contents alkaline to the chosen end-point ; the times were taken at which the 
indicator reached the control tint. The />H was kept as constant as possible 
by making the additions of alkali small. Water and alkali free from COj were 
used and nitrogen was passed continuously through the fiask. The rate of forma¬ 
tion of acid could thus be followed even in the presence of reagents which buffered 
in the neighbourhood of the end-point. 

(2) lodimetric : the reaction of thiol reagents was observed directly by 
withdrawing i ml. samples of the reaction mixture at definite times and adding 
them to exce'ss of icxline in ])otassium iodide, buffered to a suitable pv, (usually 
4*6) ; back titration was performed with N./200 thiosulphate. Where the forma¬ 
tion of acid was not suppressed by the reagent, this was kept neutralised by 
additions of alkali. The mustard gas was a redistilled sample, made froin 
thiodiglycol, supplied by C.D.E.S., Porton. 

A. The Complete Reaction Curve.— ^The essentials of this part of the 
work were also done independently by Mr. E. O. Powell of C.D.E.S., I'orton, 
and it was originally reported in conjunction with him.’ Bartlett and Swain 
in. the U.S.A. (personal communication) reached the same conclusion simul¬ 
taneously. 

Each of the chlorine atoms of mustard gas reacts by the SNi mechanism. 
At the very beginning of the reaction, therefore, an induction period is to be 
expected during which the activated form accumulates to its stationary con¬ 
centration. No induction period was detectable by our methods and this means 
that the stationary concentration of activated mustard gas must be reached in 
a few seconds. This complication of the kinetics can therefore be neglected. 

A second complication follows from there being two replaceable chlorine atoms; 
wer the first replacement,^ the .second stage of the reaction is that of a substance 
y . CH, . CH,—S—CHj. CHj. Cl, where Y is the radicle that has replaced the 
first chlorine atom. The velocity constant of reaction of the second chlorine 
atom is therefore likely to differ from that of the first and to depend on the nature 
of Y. 

Peters and Walker (19^3) observed that the course of hydrolysis (Y = — OH) 

IS not simply unimolecular but becomes relatively faster as the reaction proceeds 
and they interpreted this finding in the above sense. An analysis of the reaction 
curve enables the velocity constants of the first and second stages to be evaluated. 
Where X is the number of equivalents of acid liberated after time t, M is the 
amount of mustard gas in moles, is the velocity constant of the first stage 
(per mole) and ak^ that of the second stage; 

Aq having been obtained from the initial rate (see later), a was evaluated by 

* Watson, Ann, Reports, 1938, 208. 

• Hughes, J. Chem, Soc„ 1935, 255 and 1937. 1183. 

’ Ogston and Powell, 1944, Report to Ministry of Supply by Peters, No. 88. 
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finding what value gave the best fit of the calculated to the observed reaction 
curve: was 2*90 x 10sec.-^^: 1*32 gave the best fit, giving = 

3*83 X io~* sec.-*. Direct observ 4 tk )»6 on the compound C (see part III) 
gave ak^ = 3*72 X 10-* sec.-*. 

Equation (i) shows, in agreement with experiment, that for a ~ 1*32 there 
is a' very slight inflection in the curve, which is almost linear over the first 25 % 
of its course: its average slope is very nearly identical with the initial slope for 
a truly unimolecular process of constant For values of a greater than 1*32 
the inflection becomes more noticeable and the average slope over the first 25 % 
of reaction is sensibly greater than the initial rate. This explains the ob¬ 
servation ® (see later) that in the presence of certain substituents (notably 
monothiophosphate and thiosulphate) the total rate of reaction of mustard gas 
appears to be increased. This is not inconsistent with reaction by the SNi 
mechanism: it means merely that the velocity constant of reaction of 
y . CH, . CHg . S . CH,. CH|. Cl is in these cases considerably greater than 
that of mustard gas itself so that, although the initial rate of the reaction is 
not affected, the rate is greater in the later stages. 

The inhibition of the rate of hydrolysis due to chloride ion liberated in the 
course of hydrolysis was within the experimental error under the conditions of 
our experiments. 

B. The Initial Rate Kinetics of the Hydrolysis and Replacement 
Reactions.® *—In order to avoid the difficulty of interpreting the two stages of 
replacement reactions, most of the studies were made over the first 20 % to 
30 % of the reaction. This does not represent a true initial rate, since the 
effect of the second stage becomes appreciable after the first 5 % of the reaction. 
But, as has been mentioned, where a is not much greater than i, the rate is almost 
constant over the first 20 % to 30 % and nearly identical with the true initial 
rate. This average rate w'as measured and .the reaction was treated kinetically 
as if it were a one-stage process. 

From acidimetric observations reagents were divisible into three classes. 

(1) Chloride, which slows the whole course of reaction uniformly, without re¬ 
ducing the total amount of acid liberated. (2) Bases (in the Bronsted-Lowry 
sense), such as acetate, thiocyanate, thiosulphate, and other thiols of low pK, 
amines of low pK and thiodiglycol, which slow the rate of liberation of acid and 
usually reduce the total quantity liberated. (3) Acids (in the same sense), 
such as phosphate, mono- and di-thiophosphates and amines and thiols of high 
pK, which do not themselves affect the rate or amount of acid liberation, but 
w^hich increase the rate and amount in the presence of substances of class (2). 

Simultaneous iodimetric and acidimetric observations with thiols of class 

(2) showed that the total rate of reaction w^as equal to that of the hydrolysis 
alone. In one or two cases, notably those of monothiophosphate and thio¬ 
sulphate, the rate measured over the first 25 % of reaction was up to 10 % 
greater. This was due to the value of a being higher in these cases and not to 
any acceleration pf the activation of mustard gas nor to a simultaneous SN, 
process. 

These facts can be quantitatively accounted for on the hy-pothesis that the 
rate-controlling factor in all substitutions is the SNi activation, followed by 
competing bimolecular reactions betw'een the activated mustard gas and the 
substituting reagents ; in most cases the substituent group docs not itself 

• Ogston, 1943, R^ort to Ministry of Supply by Peters, No. 66 . 

•Holiday, (^ton, Philpot and Stocken, 1940, ibid., No. 7; Holiday, 
Ogston, Phiipot and Stocken, 1940, ibid.. No. 15; Ogston, 1941, ibid., No. 32; 
O^ton, 1941, ibid., No. 34; Ogston, 1941, ibid.. No. 41. 

* At a later time, work on the substitution reactions of mustard gas was 
started in the U.S.A. by Linstead and his collaborators (personal communication) 
before they had seen the reports of this work. Their conclusions were in agree¬ 
ment with ours. They repeated and extended the work to include other sub¬ 
stituting reagents. Their values for some of the competition factors differed 
from those given here, but not seriously. They pointed out that the com¬ 
petition facl^ is often to some extent dependent on the concentration of the 
reagent. Later still Bartlett and Swain in the U.S.A. (personal communication) 
re-investigaied the kinetics of replacement with mustard gas and Cin a 
more refined manner. They were able to make allowance for the effect of ionic 
strength and showed that the competition factors might vary* through this cause. 
The vaiiations found were small enough (up to 50 % at moderate ionic strength) 
to justify our intentional neglect of this factor, our interest having been con¬ 
fined to the orders of magnitude of the competition factors of different reagents. 
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hydrolyse at a measurable rate, exceptions being chl^de and other halide ions. 
TTie reactions can be expressed thus, R . Cl representing mustard gas : 

SNi activation R . Cl —^R . Cl* 

Hydrolysis R . Cl* 4 * HgO R . OH 4 - HCl 

^ol 

Inhibition by Cl' R . Cl* 4 - Cl- -► R . Cl 4 - Cl- 


Inhibition by Cl' 

Substitution 
where R is a base 

Substitution 


R . Cl* 4- B 


R. B 4 - Cl- 


Substitution R . Cl* 4 - A —^ R . B 4 * HCl 

where A and B are conjugate acid and base. 

At the beginning of the reaction the concentration of mustard gas (R. Cl) 
may be taken as sensibly constant so that R . Cl* reaches a stationary value 
after the brief induction period : 

= A, (R . Cl) - (R . C 1 *){A,{H, 0 ) + A<fl(Cl-) 

4 4 Bkj{A)} == o (2) 

The rate of liberation of acid is given by 

^ = (R . Cl*){Ai(H, 0 ) + ; 

using equation (2) 

-A (R Cl) A,(H.O) + 

- «« • '-'1- Aj(H,0) + Acl(Cl-) + £kg{B) + HkjiA) 

The rate of reaction of substituent Y is, similarly, 

_ d(Y) _ _MY)_ , . 

it - A,(H,0) + Aol(Cl-) + ^A,(R) + £kg(Ay ' 

Now, Ajq (R . Cl) is the rate of hydrolysis, Fq, of H alone. The values of other 
k’s cannot be determined separately and it is convenient to use instead the 
competition factor," F, for each reagent, defined by: 

Fy - At/^{H,0).(5) 

If the rate of liberation of acid in the presence of reagents is written V and the 
rate of reaction of a given reagent F', then equations (3) and (4) become: 

V — V _ I 4 BF^{A) _ ^ 

I 4 Foi(Cl-) 4 BFg{B) 4 £F^{A) ^ ^ 


V'= F. 


I 4 iV 3 l(Cl" 


Fy(Y) _ 

4 BF.IB) 4 BFAAY 


It is not proposed to give the many modifications 


TABLE I 


Reagent. 

Cone, (m) . 

F. 

Chloride 

0-005 

20-9 


0-0086 

19.7* 


o-oi 

22*7 


0-17 

22-1* 


0-02 

21-5 


0-04 

21-9 


0-08 

19-5 


o-io 

19-0 

Acetate , 

o-oi 

9*2 


0-02 

10-8 


0-04 

10*7 


0-08 

9-8 

Thiosulphate . 

0-0025 

2-64 X lo* 


0-005 

2*77 X 10* 


of these equations that 
were used for determin¬ 
ing the values of F. 
Generally the acidi- 
metric technique was 
used ; the lower values 
of F for chloride and 
bases were determined 
from the slowing of acid 
liberation in water, 
those for acids by 
measuring the accelera¬ 
tion in the presence of 
chloride. Higher values 
of F were determined 
stepwise, unknown 
against known, acid 
against base or base 
against acid, so that the 
disparity between the 
values of F for the sub¬ 
stances being compared 


♦ Calculated from data of Peters and Walker (1923). was never too great. 

The above theory is 

confirmed by the constancy of the values of F for a given substance measured 
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Substance. 




F. 


Dithiophosphate .... 

Ethyl dithiophosphate 
Butyl dithiophosphate 
Diethyl dithiophosphate . 

Hydrogen monothiophosphate 
Methane dithiophosphonate 
Ethane dithiophosphonate 
Dimethane dithiophosphonate . 
Diethane dithiophosphonate 
Ethane monothiophosphonate . 

Butane monothiophosphonate . 
Diethane monothiophosphonate 
Thiosulphate ..... 

Diethyl dithiocarbamate . 
di-)S-Hydroxyethyl dithiocarbamate . 
Ethyl xanthate .... 

«-Octyl xanthate .... 

Cetyl xanthate .... 

Ethyl monothiocarbonate 

Dithio valerate .... 

Dithioacetate ..... 

Hydroxyl (OH“) .... 

Hydrosulphide (SH“) 

Cysteine ..... 

Cysteine ethyl ester 

ThioglycoUic ester .... 

Mercapto-malonic ester . 

Thiomalic ester .... 

Ethane dithiol .... 

Thioglucose ..... 

2 : 3-dimercaptopropanol (BAL) 
/>-Toluene thiosulphonate. 

Thiourea ..... 

Phosphate ..... 

Pyrophosphate .... 

a>Glycerol phosphate 

Adenylate ..... 

Ye«'ist nucleic acid (per 4 nucleotides) 
Thymus nucleic acid (per 4 nucleotides) 
Bicarbonate ..... 

Acetate ...... 

Pyruvate ..... 

Oxalate ..... 

Fumarate ..... 

Ascorbic acid ..... 

Pyridine ..... 

Trimethylamine .... 

Benzamidine ..... 

Thiocyanate ..... 

Iodide ...... 

Chloride...... 

Sulphate ..... 

d-/>alanylalanine .... 

Acetyl-d-l-alanine .... 

d>Meucyl-glycyl-glycine . 

Serum albumin (per mole) 


7 

8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
7 
7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

8 

7 

8 
8 
8 
8 
8 
7 
7 
7 
7 
7 
7 

7 

8 

7 

8 

7 

7 

7 

7 

7 

8 


i'3 X 10® 
6*3 X 10® 
7*4 X 10* 
2*6 X io« 
3*8 X 10® 
i*i X 10® 
1*2 X 10® 
4»g X lo* 
6*7 X 10* 
3*9 X 10® 
3*6 X 10® 
4‘2 X 10® 
2*7 X 10® 
3*4 X 10® 
3*3 X 10® 
1*7 X 10® 
1-2 X 10® 
6*4 X 10® 
9*1 X 10® 

5- 1 X io» 
5*2 X io» 
8 X io» 
1*2 X 10* 
1*2 X 10* 
i‘7 X 10* 
1*4 X 10® 
1*2 X 10* 
7*0 X 10* 
8*8 X 10* 
3*2 X 10® 
7*8 X 10® 
yi X 10® 
1*5 X 10® 
7*5 X lo^ 
1*6 X 10* 
5*4 X 10^ 
7*5 X 10^ 
1*3 X 10* 
i*i X 10® 
8*3 X 10^ 
1*0 X 10^ 
6*4 

4*1 X 10^ 
I*6 X io‘ 
I *9 X 10^ 

5*4 X 

6 - 7 

1*4 X 10^ 
6*7 X 10* 
6*6 X 10* 
2*1 X 10^ 
4*9 

1*8 X 10' 
i*i X 10^ 
1*9 X io» 
2*3 X 10* 


over a range of concentration ; examples are given in Table I. Table II gives the 
values of F for a selection of the 80 substances examined; the results lay no 
claim to great accuracy, particularly with respect to the highest values. Table II 
also gives the approximate pu at which F was measured: pn affects the value of 
F in the range of dissociation of an acid group. 
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Discussion. 

DifEerences in the rates of reaction of difEerent ionic reagents with the 
activated forms of halides have been reported by Ingold and his associ¬ 
ates (see below), but the differences are of much smaller magnitude 
than those found for reactions with mustard gas. These difEerences 
probably show that thermal activation is necessary for the substitution 
process as well as for the initial activation. The fact that reagents, which 
react with a much higher velocity constant than that of water, do not 
increase the initial rate of reaction shows that the activated molecule is 
not subject to thermal inactivation at a rate comparable with its rate of 
reaction with water. It is in a relatively stable state. 

Bartlett and Swain (personal communication) have put forward the 
view that the activated form of mustard gas is an internal sulphonium 
compound and that this possibly reaches, in water, a stationary con¬ 
centration of about I % of the total. Our results throw no light on the 
chemical nature of the activated form ; but the establishment of a station¬ 
ary concentration of i % of the total would occur with a time constant 
of about lo sec. An induction period of such length was not observed 
in this work. One might assume on the contrary that dithiophosphate 
reacts with activated mustard gas with zero energy of activation; on 
this assumption, and assuming a collision number of lo'*, the stationary 
fraction in the activated form in water alone would be about io““^^ and 
this would be established exponentially with a time constant of about 
10“-® sec. 


PART II. 

THE KINETICS OF REACTION OF ANALOGUES OF 
DICHLORDIETHYL SULPHIDE (with E. R. Holiday).i» 

The same techniques were used to make a cursory survey of the 
properties of ) 3 -chlorethyl phenyl, propyl and ethyl sulphides ; of tert, 
butyl chloride ; and of hi$ () 3 -chloroethyl thioethyl) ether under the same 
conditions. All react by the SNi mechanism. The course of reaction 
of the first three is truly unimolecular; tert, butyl chloride was found to 
give an initial very rapid production of acid, followed by a truly uni- 
molecular process (to which the results apply) ; hiz (j 3 -chloroethyl thio¬ 
ethyl) ether like mustard gas has two stages of hydrolysis, of which only 
the first was studied. 

The solubilities of these substances in 5 % alcohol at 25® c. were 
obtained by measuring the rates of acid liberation in a solution kept 
saturated by vigorous mechanical shaking. The results are given in Table 
III, together with comparable data on mustard gas and on C (.see below). 
The iert. butyl chloride was a commercial sample, twice redistilled : the 
other materials were supplied by C.D.E.S., Porton. 

Discussion. 

The velocity constants of hydrolysis of substances containing the 
group —S—CHg—CH2—Cl are in the order that would be expected, for 
the SNi mechanism, from the electro inductive properties of the substituent 
groups. It is interesting that the similarity of competition factors suggests 
that the properties of their activated forms are closely similar ; ieri. butyl 
chloride shows a much smaller range of competition factors, suggesting 
a smaller range of activation energies of reactions with the activated form. 

Bateman, Church, Hughes, Ingold and Tahier, /. Chem, Soc., 1940, 979; 
Hughes, Trans. Faraday Soc., 1941, 37, 603. 

“ Holiday and Ogston, 1942, Repcn-t to'Ministry of Supply by Peters, No. 49. 
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PART IIL 

THE PREPARATION AND PROPERTIES OF 
p-CHLORO-p'-HYDROXY DIETHYLSULPHIDE (*‘C 

The conclusions of Part Ia. showed that the velocity constant of 
hydrol3rsis of the second chlorine atom of mustard gas is not very much 
larger than that of the first, so that the product of the first stage should 
accumulate to an appreciable extent; this was contrary to the con¬ 
clusions of Wilson, Fuller and Schur.^® In water kept saturated with respect 
to mustard gas the concentration of C will increase exponentially to a 
stationary value, while the concentration of thiodiglycol will increase 
continuously. The stationary value of the concentration of C is given by 

(C) = (mustard gas) ja . . . • ( 3 ) 

where a is the ratio of the velocity constant of the second stage of hydrolysis 
to that of the first (= 1*32 in 5 % alcohol at 25®) ; C was isolated from a 
hydrolysate of mustard gas by making use of the different partition co¬ 
efficients of mustard gas, C and thiodiglycol between water and solvents. 
Simultaneously C was isolated at Sutton Oak by another method and on 
a larger scale, by treating thiodiglycol with hydrogen chloride. 

Experimental. 

Mustard gas (2*5 g.) was shaken vigorously with i 1. of water containing 
6 ml. of 2 N. NaOH and phenol red, at 27 to 28® c.; the amount of alkali was 
calculated st) as to allow the concentration of C to come near to its maximum 
value by the time the alkali had been neutralised by the acid set free. As soon 
as the indicator changed colour (after about 12 min.), 200 ml. of cold saturated 
NaCl was added, to slow further hydrolysis, and a further 1 ml. of 2 n. NaOH. 
The solution was very rapidly extracted with four 100 ml. portions of 40-60 
petrol-ether, to extract 
residual mustard gas ; 
then ^\ith three 100 ml. 
portions of chloroform. 

The chloroform extracts 
contained the C with 
some thiodiglycol ; they 
were pooled and dried 
over anhydrous sodium 
sulphate. 

This whole process 
was repeated a further 4 times; the dried pooled chloroform extract (150 ml.) 
was filtered. The bulk of the chloroform was removed by distillation at 250-300 
mm. Hg on a water bath at bo®. The residue (100 ml.) was transferred to a 
beaker wbich was placed on a 20 w, hot plate in a vacuum desiccator and most 
of the remaining chloroform taken off. Finally, the residue from the beaker was 
transferred to a glass bottle and the last traces of chloroform were removed by 
thorough evacuation. The total yield of C (estimated by acid and chloride 
liberated on complete hydrolysis) was 950 mg., about 50 % of theory, with 
about 90 mg. of thiodiglycol. 

Further purification was carried out by shaking this yield with loo ml. of 
40-60 petrol-ether; 500 mg. was dissolved, consisting of 95 % C and 5 % thio¬ 
diglycol. Removal of the petrol-ether by distillation and resolution in 50 ml. 
gave a better product. This process was repeated 4 times, the final sample 
being about 50 mg, of at least 99% C. A sample of this product was analysed 
by Strauss and Weiler ; unfortunately, owing to a misunderstanding, this 
specimen was left for a week in a loosely corked tube before being analysed and 
almost certainly took up some water during this period. 

None of the chlorine was ionic; this was tested by means of silver nitrate 
in anhydrous methyl alcohol. 

Oj^ton, 1941, Report to Ministry of Supply by Peters, No. 40. 
la Wilson, Fuller and Schur, /. Atner. Chem, Soc., 1922. 44, 2S67. 



C. 

H. 

Cl. 

S. 

Found % . 

i 

32*0 

b *9 

23*5 

21-9 

Theoretical C\H,OSCl . 
theoretical assuming 

34-^ 

6-4 

25*2 

i 

22-8 

^•8 % of water 

3 * 2’.5 

b-0 

23-8 

1 

21*7 
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Properties. —^The compound C is a colourless oil, somewhat hygroscopic. 
It forms sulphonium salts if left pure at room temperature; the same process 
appears to occur in solution in ethyl alcohol and chloroform, but very slowly; 
in 40-60 petrol-ether, in which it dissolves to about 5 mg./ml. at room temperature, 
it appears to be quite stable. It is miscible in all proj^rtions with mustard gas 
and with thiodiglycol. 

It is easily soluble in water. It hydrolyses unimolecularly, with a velocity 
constant of 372 x 10sec.-^ at 25° in 5 % alcohol ; this agrees well with the 
value deduced from the hydrolysis curve of mustard gas (Part Ia.). Other 
kinetic data are given in Table III. 


TABLE III 



Solu¬ 

bility 


Competition Factor. 

Substance. 

m 5 % 
v/v 
EtOH 
Molar 
xxo-». 

A# 

sec-i 

XI0'». 

i 

Ace¬ 

tate. 

Chlor- 

ide. 

Thio¬ 

cyanate. 

Cysteine. 

Xtio- 

sulphate. 

Monotbio- 

phospbate. 

jS-j8'-Di chloride 
ethyl sulphide 

6-4 

2*90 

10 

21 

6*7 Xio* 

1*2 X10* 

2*7x10* 

3*8 X10* 

bis {| 3 -Chlorethyl 
thioethyl) ether 

0-54 

8*25 

10 

i8*4 

7*6 X10* 

1*4X10* 

2*5x10* 

3*2X10* 

/ 5 -Chlor-j 3 ' hydroxy 
diethyl 

sulphide " C " 


3-72 

5-2 

24 

7*8X10* 

0*9 X10* 

|2*7 X10* 

4*2 XIO* 

Ethyl-jS-chlor 
ethyl sulphide 

7-2 

ri‘0 

10 

20 

5x10* 

1*8 X 10* 

1 * 9 X 16 * 

2*9X10* 

Propyl-) 5 -chlor 
ethyl sulphide 

2-32 

16*0 

8-5 

18 

7X10* 

1*7X10* 

2*9 X10* 

1 3 ‘ 5 XI 0 * 

Phenyl-j 3 -cblor 
ethyl sulphide 

0*46 

0*47 

II 

22 

6*4 X10* 

1*2 XIO* 

3*1 XIO* 

3*3X10* 

/^r/.-Butyl 

chloride 


2*4 

— 

3-5 

— 

— 

6*5 

— 


We are indebted to the Director General of Scientific Research 
(Defence), Ministry of Supply, for permission to publish this work. 


Summary. 

1. The characteristics of the reactions of hydrolysis and substitution of 
j 3 -j 8 '-dichlorodiethyl sulphide have been investigated at 25''c. in 5 % alcohol 
v/v. The.se reactions proved to be of the SNi type. Substituting reagents 
showed a wide range of velocity constants of reaction with the activated halogen. 
The “ competition factors," proportional to these velocity constants, of a wide 
range of reagents were measured. 

2. Certain properties of some analogues of j8-j?'-dichlorodiethyl sulphide 
were determined for comparison with it. 

3. The compound j 3 -chloro-j 3 '-hydroxydicthyl sulphide was isolated and 
some of its properties determined. 

Department of Biochemistry, 

Oxford. 

Ogston, 1943, Beport to Ministry of Supply by Peters, No. 67. 



ELECTRON DIFFRACTION AND RECTIFICATION 
FROM SILICON AND PYRITE SURFACES 

By J. M. Cowley and J. L. Symonds. 

Received ^rd October, 1946. 

I. Introduction. 

The work on silicon and pyrite as rectifiers was initially begun to find 
whether electron diffraction methods would allow the elucidation of the 
factors upon which the rectifying properties of metal—semi-conductor 
combinations depend. The characteristic of such a combination, first 
taken as the test for rectifying properties, is the current-voltage relation 
found by applying various voltages across the contact and measuring the 
resulting currents. A more convenient and quite satisfactory method 
is to measure the currents obtained by impressing one volt across the 
combination. The forward current is that for easy flow of electrons; 
the back current is that in the reverse direction. The ratio of back to 
forward resistance at one volt is called the BjF ratio. 

In later work, the crystal was inserted in a waveguide into which was 
fed 600 #iw. of power from a 10 cm. oscillator. The rectified current 
was measured by a microammeter having 400 ohms internal resistance. 
The electron diffraction camera used was of the Finch type.^ The 
accelerating voltages {30 to 40 kv.), were measured with an electrostatic 
voltmeter, which was checked by the electron diffraction patterns from 
zinc oxide, as standard. This gave an overall accuracy of better than i %. 

II. Silicon. 

(1) Examination of Silicon Crystals by Electron Diffraction.—Sur¬ 

faces which were almost single crystal faces were broken from large, 
coarsely crystalline lumps of silicon. The chosen faces were ground ^t 
and etched with caustic soda solution. This gave a good matte finish 
to the surface which then showed distinctly the areas corresponding to 

individual crystals. Cross-grating patterns of spots with very little 

background of diffusely scattered electrons were obtained by the re¬ 
flection method (Fig, i). These patterns indicated that the larger 

single crystal faces were mostly parallel or almost parallel to the (iii) 
plane of the silicon lattice. Using the reduced camera length of 25 cm., 
it was possible to record extensive patterns of quite sharp Kikuchi lines 
from such etched surfaces (Fig. 2). 

The spots of these patterns show no elongation towards the “ shadow 
edge (the intersection of the plane of the specimen and the plate) as 
would be observed if a flat surface, such as a cleavage face, were used. 
The patterns are produced by transmission of electrons through projections 
from the surface, left by the etching process. 

(2) Forbidden Reflections.—Silicon has a diamond-type cubic lattice. 
Thus reflections from planes, whose indices are all even, are forbidden by 
the structure factor restriction unless the sum of these indices is divisible 
by four. However these “ forbidden ** spots occurred in the cross-grating 
patterns, with intensity as great as those of the permitted reflections. 

^ Finch and Quarrell, Proc, Physic. Soc., 1934, 46, 148. Finch and Wilman, 
Ergeh. exact. Naturwiss., 1937, 353* 
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For example, in Fig. i, the forbidden reflections (222), (442). (600) and 
(622) are prominent. The latter pair are two of the strongest spots in 
the pattern. At other than the principal azimuths and by suitable in¬ 
clination of the specimen, it was possible to obtain the (222) reflection 
as the strongest in the pattern. The forbidden (222) reflection occurs 
in the Kikuchi line patterns as the second order of the (in) band or pair 
of lines. The (222) lines have an intensity intermediate between that 
of the (in) and the (333) lines. In all patterns taken from silicon single 
crystal faces, the “ forbidden reflections occurred just as frequently 
as the “ permitted ones. Consequently, these patterns do not indicate 
whether the lattice is a diamond t3q)e or a simple face-centred cubic 
structure. 

Beeching ^ has observed similar strong (222) reflections and sharp 
(222) Kikuchi lines from smooth diamond faces. He concluded from 
the sharpness of the lines that the production of the forbidden reflections 
could not be a surface effect, due to the first few atomic planes. This is 
confirmed by the silicon patterns produced by the transmission through 
projections whose thickness was probably in the region of io~* cm. A 
thickness of this order is indicated by the strictness with which the third 
Laue condition (limiting reflections to the circumference of circles) was 
observed on these plates. Forbidden reflections may be accounted for 
qualitatively on the basis of double or multiple reflections within the 
crystal, but the intensities observed in the case of forbidden reflections 
from diamond and silicon are much greater than predicted. 

Ground silicon surfaces gave ring patterns. The forbidden (222) 
ring was present in these, in agreement with the observations of Johnsen 
and Grams ® on powdered silicon. In several cases a faint ring, not ob¬ 
served by these authors, was found at a position corresponding to the 
forbidden (200) ring. However, it is possible that this may be the strongest 
member of a ring pattern of unknown origin. This pattern was recorded 
strongly, in one case, with broken rings due to large crystals. An analysis 
of this pattern shows correspondence with that from a hexagonal structure 
with a = 5*15 A., and c = 6-55 a, 

(3) The “ Blocking Layer ” on Silicon.— Some of the recent theories 
of the rectifying action of the contact between a metal and semi-conductor 
have postulated a high resistance ‘‘blocking layer," physically distinct 
from the bulk of the semi-conductor (artificial blocking layer) of thickness 
lo"* to TO”® cm.** ® Other theories have been dcveloj)ed on the basis 
of a potential barrier (natural blocking-layer) formed at the contact. 
In the case of cuprous oxide, measurements of the thickness of the 
blocking layer gave values from io“* cm.* to 5 x lo"* cm.’* ® In point- 
rectifiers, the nature of the blocking layer is not definite. The electron 
diffraction patterns do not reveal any layer such as a layer of oxide or a 
layer with broken or mosaic structure, 

A silica layer of thickness io~* cm. would contribute a diffuse back¬ 
ground to the silicon spot pattern, while a layer of io~* cm. tliickness 
would completely suppress it. Patterns from the etched silicon surfaces, 
which possessed quite good rectifying properties, were very clear and 
showed very little diffuse background. Even after prolonged exposure 
and heating to 400° c. in air, the pattern remained clear. Heating the 
specimen to a bright red produced the diffuse haloes to be expected from 
an amorphous layer. Thus any oxide layer on the etched surfaces, if 
it exisi:s at all, cannot exceed a few molecular layers in thickness. 

* Beeching, Phil. Mag., 1935, 20, 841, 

* Johnsen and Grams, Physic. Rev., 1942, 61, 671. 

* Mott, Pfoc. Physic, Soc. A, 1939, 171, 27. 

® Schottky, Z. Physik., i 939 » 3^7- 

« Waibel, Wiss. Veroff, Siemens Werken., 1938, 15, 75. 

^ Fink and Adler, Trans. Electrochem. Soc., 1941, 79, 377. 

® Jouse, Physik. Z. Sowietunion., 1935, 7, i. 
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(4) Silicon for High Quality Rectifiers.— A sample of silicon was 
prepared from high purity silicon to which had been added small amounts 
of aluminium. Heces from the sample were subjected to a series of 
treatments, a specimen from each treatment being kept in an evacuated 
glass tube until ready for use in the camera. The order of the treatments 
was as follows : (i) grinding to a plane surface ; (2) heating at 1000° c. 
in air for about 2 hr.; (3) polishing with optical rouge ; (4) heating again 
at 1000® c. in air for about an hour; (5) etch in commercial HF (48 %) ; 
(6) electrblytic etch in HF (a few seconds). The metal used for a contact 
was tungsten tapered to a point. 

The silicon, after grinding (treatment (i)) was always found to be a 
poorer rectifier than before. The B/F ratio was in general about 5, the 
direction of easy flow of electrons being from crystal to metal (iV-type). 
After the first heat treatment and polishing the BjF ratio was about 3, 
but the direction of easy flow of electrons was from metal to crystal 
(P-type). The second heat treatment gave the surface a bluish color¬ 
ation which was probably due to SiO* with dissolved impurities, as it 
formed a comparatively high resistance layer. After the removal of this 
layer with HF, B jF ratios of about 40 were obtained and rectified currents 
increased from 60 to 400 fta. The rectification was of P-type. The short 
electrolytic etch in HF improved the BjF ratio to 100 or more, and rectified 
currents up to 700 /xa. were recorded. The improvement in BjF ratio 
was due less to an increase in forward current than to a marked decrease 
in the back current. In the rectification of 10 cm. waves, the slightest 
grinding of the prepared surface destroyed its quality as a rectifier, 
reducing the rectified current to about 50 fxa. 

The electron diffraction by the final product (treatment (6)) gave 
patterns such as Fig. 3. The spots are produced by reflection from faces 
of several separate crystals. Their elongation indicates that the faces 
are very smooth. These faces are not parallel to the principal planes of 
the crystals, so that only isolated spots, and no regular cross-grating 
pattern, appear. Faint but. quite shaqj Kikuchi lines were visible on 
the plate.s. Rings from silicon and alumina were also present. These 
are due probably to random material at the crystal boundaries. The 
presence of the sharp l^kuchi lines indicates an almost perfect lattice 
.structure at the crystal faces. The elongation of the spots is due to an 
inner j>otential effect, with a calculated inner potential of 6-3 v. This 
value decreased on exposure to air. 

IIL Pyrite. 

Pyrite specimens used in these experiments were from natural sources 
among which were Leadville (Colorado) and Dial Range (Tasmania). 
In using such natural samples, a number of difficulties arise. Chief among 
these are the impurity content, surface deterioration and variation in 
composition (ratio, Fe/S). 

(1) Effect of composition.— Smith ® describes the effect of composition 
on conductivity, finding that in general a sulphur-deficient crystal has 
a higher conductivity. Schleede and Buggisch state that the more 
nearly pyrite conforms to the theoretical formula FeSj, the better the 
rectification (see III, (5)). 

(2) Effect of the metal point used. —In general, oxidised Nichrome 
and silver were found to give the best characteristics with pyrite, and silver 
was the better of these two. Since we were seeking the properties of 
the crystal which influenced the characteristics, all tests were carried 
out with a silver point, though this metal would probably be too soft 
in a practical rectifier, 

® Sniith, Amer. Min,^ 1942, 27, i. 

Schleede and Buggisch, Z, anorg. Chem,, 1927, 161, 85. 
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(3) The effect of Impurities.—Spectrograms* of three samples of 
P3rrite gave some idea of the impurities likely to be present. Results 
indicate that natural p3n:ite varies too much in composition to be a useful 
rectifier. 

Specimen i, Colorado pyrite, showed silicon (probably as silica), lead, 
cobalt and a trace of copper. Rectification was excellent and very little 
deterioration, if any, occurred with exposure. R./F ratios had values 
up to 200. 

Specimen 2, from the same source as specimen i; contained nickel 
in addition to the elements in No. i. Rectification was excellent on fresh 
surfaces but showed a marked deterioration within a few days, BfF ratios 
falling from about loo to lo. 

Specimen 3, from the University of Adelaide Geology Department, 
and contained some considerable amount of silicon, cobalt, nickel, bismuth, 
copper, arsenic, and a trace of lead. Rectification was poor and deteriora¬ 
tion rapid. 

( 4 ) Crystal Size.—Investigations on several specimens of micro- 
cryst^line pyrite revealed that rectification was poor. Aggregates of 
small crystals also are generally poor material. Single crystals may vary 
remarkably from point to point both in conductivity and rectification. 
These differences are most likely due to changes of composition and im¬ 
purity from point to point. 

Electron diffraction patterns were obtained from single crystals of 
pyrite, ground on one face and etched in concentrated nitric acid. Fig. 4 
is the cross-grating pattern obtained by reflection from a (100) face of 
pyrite from Dial Range. The mosaic structure of the crystal is indicated 
by the large numbers of spots of nearly equal intensity. The {hoo) spots 
for which h is odd, i.e. the alternate spots on the centre line of the pattern, 
are forbidden by the structure factor restriction. However they occur 
with intensities which are of the same order as the others. Raether^^ 
has observed similar patterns and has attributed the presence of the 
forbidden spots to multiple reflections. 

Fig, 5 was obtained from a well-crystallised specimen of Colorado 
pyrite. Its rectifying properties were excellent. The face was slightly 
inclined to the (100) plane. The strictness with which the spots are con¬ 
fined to the narrow Laue zone indicates an almost perfect crystal lattice. 
As was the case with silicon, there is no evidence for an insulating layer 
which could act as an artificial blocking-layer. 

( 5 ) Deterioration.—Some specimens of pyrite possess electrical pro¬ 
perties which change with time. Samples iffer widely in this respect, 
some surfaces deteriorating rapidly while others show little change in 
the static characteristics after months of exposure to ordinary laboratory 
air. When this change does occur, there is a gradual increase with time 
in the back current which will flow at any particular voltage. The forward 
current undergoes little change, usually a slight decrease. Specimens 
were ground with fine emery powder (600 mesh) and, after washing, the 
broken pieces were etched away with nitric acid. This etching process 
greatly improved the BjF ratios in some specimens and rendered the 
surface more uniform in behaviour (reduced the “ spottiness '*). 

It was noticed after etching that in some specimens the deterioratidn 
was much slower than -before. In some cases, very little deterioration 
occurred even after several months' exposure to air. This improvement 
produced by etching may be due to the removal of an impurity from the 
surface, or it may be due to the removal of some Fe or S from the surface 
layer, producing temporarily the conditions for good rectification as well 
as stability. It does not follow that a specimen improved by etching 
is stable in that condition since, even if atmospheric effects are excluded, 

♦ Kindly taken by Mr, K. B. Mather. 

Raether, Z. Pkysik., 1932, 78, 527. 
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there may be a difEusion of atoms from the bulk of the crystal to the surface. 
This would certainly undo the eilects of the etch. 

Etched single crystal faces were examined by electron difiraction at 
intervals over a period of several months. Certain specimens of Colorado 
p)rrite showed neither deterioration in rectification nor change in electron 
diffraction pattern. Crystal faces of Dial Range p3rrite which did not 
rectify, did show weathering effects. No weathering was visible to the 
eye, but electron diffraction patterns indicated the formation of a thin 
layer of products of weathering. After six days faint rings appeared, 
together with a heavier diffuse background. This was in addition to the 
original spot pattern. No further change was observed in three months. 
The ring pattern gives spacings agreeing with those of FeS04. HgO. It 
is probable that other reaction products are present including some nearly 
amorphous material. The thickness of the layer formed cannot be much 
more than lo-® cm. 

IV. The Grinding of Surfaces of Pyrite and Silicon. 

( 1 ) The influence of surface distortion on the rectifying properties of 
single crystal faces of p5n:ite and silicon, at various stages of grinding, 
polishing and etching, was investigated by rectification tests combined 
with electron diffraction examination. In the case of pyrite, these ex¬ 
periments were carried further than was required for the above purpose in 
order to gain more complete information on the nature of the polish layer. 

Well-etched p3n:ite crystal faces gave patterns such as Fig. 5. They 
showed excellent BjF ratios, some being as great as 200. Yaxy light 
grinding on 303 emery paper under water (eight gentle rubs) destroyed 
the good rectification and reduced the BjF ratios to 2. This was due 
to a decrease in the back resistance, as with the silicon specimen men¬ 
tioned in para II (4). 

The corresponding diffraction pattern. Fig. 6, shows a spot pattern 
with a more even intensity distribution, with spots appearing within the 
Laue ring. This indicates a more mosaic structure of the surface, with 
crystal blocks in the surface twisted out of their previously perfect align¬ 
ment. Further grinding increased this effect. The ring of strong spots 
faded to give an even intensity distribution while the whole spot pattern 
became weaker and more diffuse. Faint rings due to random powdered 
pyrite appeared, gradually strengthened and then became more diffuse 
as the grinding proceeded. There was no further change either in the 
contact resistances or their B/F ratio after the first light grinding. 

An etch of 20 sec. in dilute nitric acid was sufficient to remove the 
random material from the ground surface. This revealed the layer which 
gave Fig. 7. The even spread of the spot pattern and the elongation 
of the spots into arcs indicates great distortion and mis-alignment of the 
crystal blocks in the surface. Further etching revealed a gradual decrease 
in the mis-alignment until the original perfect-crystal pattern returned. 
It was not until the surface had been etched down to the region of the 
undisturbed lattice that the rectification returned to its initial value. 
Only when the cat's whisker made contact with an unbroken lattice did 
the back resistance have a high value, giving good rectification. Con¬ 
duction along the surfaces of cracks between crystal blocks may be the 
cause of the low value for ground surfaces. It was observed that the 
lattice constant calculated from spot patterns showing lattice mis-align¬ 
ment was consistently low by i to 2 %. On the other hand, patterns 
from the perfect lattice and also ring patterns gave the correct value. 

In the case of silicon, grinding produced a polycrystalline layer giving 
a ring pattern. Here the distortion of the underlying lattice was not so 
marked, the BfF ratios not decreasing to such low values as for pyrite. 
However, rectification seems to be related to the state of the surface for 
silicon as well as for pyrite. 
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(2) The Polishing of Pyrite.—Raether^® obtained similar diffraction 
patterns from coarsely ground pyrite surfaces but could obtain none from 
finely ground surfaces. Darbyshire and Dixit reported that pyrite 
gave very weak and diffuse rings when polished. Similar patterns were 
obtained by the present authors from pyrite single-crystal faces, polished 
either on optical rouge or on fine dry emery paper. The spot pattern 
remained after prolonged j^lishing although very faint and diffuse. Very 
diffuse rings, due to spacings d = 1*26 a. and approximately d = 2*2 a. 
predominated although there were a few weaker and sharper rings, prob¬ 
ably due to pyrite. 

Etching of the polished surfaces with dilute nitric acid strengthened 
the spots and sharpened the rings. Some of these rings were due to 
pyrite while the remaining rings were caused by another substance which 
is as yet unidentified. The strongest rings of the pattern are a pair at 
d = 1*22 and 1-27 a. developing out of the outer diffuse rings of the polish 
pattern, and one at = 2*4A. corresponding to the inner diffuse ring. 
Spacings from the pattern agree with those for a tetragonal lattice with 
a — 2*40 A. and c == 3*02 a. With an etching solution which had been 
used several times this ring pattern becomes stronger and more diffuse 
until it resembles that of the unetched polished material. Etching with 
concentrated nitric acid strengthens the spot patterns and gives rings 
attributable to FcgOg, which is probably produced by the oxidation of 
the unidentified material mentioned above. Prolonged etching always 
removed the ring patterns and gradually restored the original spot 
patterns. The rectification remained poor during the polishing and 
initial etching. However, it improved as the etching revealed the un¬ 
distorted lattice. 

From the above, a general picture of the polish layer on pyrite can 
be drawn. A powdered layer of an unidentified substance and pyrite 
covers the crystal face. At the surface this layer is of very small crystal 
size but is coarser below. It is not thick enough to obscure the spot 
]:)attorn from the greatly distorted pyrite crystal lattice beneath. Within 
the lattice itself the degree of misalignment decreased gradually until, 
at a considerable depth, the undisturbed lattice is reached. 


V. Variation of Rectification on Single Crystals of Pyrite. 

Very wide variations in rectification have been noticed between crystals 
which have come from the same source and even between different areas 
of one crystal surface. The latter is well illustrated by the following 
two examples : 

(a) A single crystal of pyrite ♦ possessed a perfect mirror-like cleavage 
surface about i cm.® in area. The extensive Kikuclii line patterns from 
this face indicate a perfect lattice over the whole surface. However, 
this same surface could be mapped into sharply defined areas between 
which there were remarkable differences in rectification. In Fig. 8, the 
surface is shown divided into three sections. In section A, B/F ratios 
of 100 up to 500 were observed, the forward current being about 10 ma. 
Section B showed B/F ratios from unity up to 10, with forward currents 
of about I ma. Section C showed very high resistance and no rectification 
{B/F ratio unity). Forward currents ranged from about lo/ia to 50 /xa. 

It is remarkable that such a surface, showing almost a perfect crystal 
lattice structure, should vary so widely in rectification and conductivity. 
Certainly no weathering had occurred on this surface. The alternative 
then must be a definite difference in composition (cf. (9)), with a possible 
difference in impurity. 

1® Raether, Z, Physik., 1933, 86, 82. 

Darbyshire and Dixit, Phil. Mag., 1933, <6, 961. 

* Lent by Mr. K. L. Sutherland of theC.S.I.R. Division of Industrial Chemistry. 
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(b) The crystal surface used in the experiments described in IV, (i) 
and IV, (2) seemed to be a face oi an unbroken single crystal of pyrite. 
However, there were three definite strips (A, B and C in Fig. 9) which 
showed very different rectifying properties; A showed excellent recti¬ 
fication, B none at all, and C very poor rectification. The boundaries 
were sharp, and were identical for two different cat's whiskers, namely 
silver and tungsten. After polishing on emery paper and etching in 
dilute nitric acid, these three strips were visibly different, B being lighter 
in colour than A, and C darker. 



]'iG. 8 . —Pyrite single-crystal i'lG. y. —Pyrite single- 

face (a). crystal fac(' (&). 


A comparison of electron diffraction patterns from strips A and B 
taken under a variety of conditions revealed no very obvious difference. 
However, calculation of the lattice constant, or unit cul^ edge, a, revealed 
that, when strip A gave a good rectification, strip B had a lattice constant 
greater than that of ^ by i % on the average. This difference, although 
close to the limit of accuracy of the apparatus, appears to be real. It 
seems to indicate a variation in composition responsible for the differences 
in rectifying properties. 

VI. Discussion. 

The electron diffraction investigations have indicated throughout 
that the best rectification is obtained when the metal point is placed in 
contact with an unbroken single-crystal lattice of the semi-conductor. 
It is preferable, as seen in III, (4), that the crystal size should be as 
large as possible and that the surface should be smooth. There has been 
no evidence, in the electron diffraction patterns from both p3n:ite and 
silicon, that there is an ” artificial " blocking layer of some other substance 
on the surface. The barrier must thus be a natural one due to the contact 
between metal and semi-conductor. 

When the lattice is disrupted to give a mosaic structure, either by the 
action of excess impurities, or by mechanical means such as grinding, 
the rectification becomes very poor, (IV, (i) and (IV, 2)). Beyond this 
the method of electron diffraction gives no information. The rectifica¬ 
tion is highly dependent upon other factors which are probably more 
important. These factors arc impurity content in the case of silicon, and 
composition in the case of pyrite. The almost perfect lattice structure 
is a necessary condition for good rectification after these factors have 
been given their correct values. The observed variation in lattice con¬ 
stant and coloration bf the pyrite surface could be attributed to either 
a difference in composition or in impurity content. 
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Summary. 

Electron diffraction and rectification investigations have been conducted 
on surfaces of pyritc and silicon for different surface conditions. There is 
evidence that, for the best rectification, the crystal lattice should be almost 
perfect and free from fracture or mosaic structure. A general picture of the 
polish layer on pyrite is built up from electron diffraction evidence. 
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ELECTRON DIFFRACTION BY FATTY ACID 
LAYERS ON METAL SURFACES. 
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The investigation of the structure of layers of long-chain fatty acids 
on polished metals, and the effect of heating on the structure, was under¬ 
taken in connection with work on the lubricating properties of such layers, 
carried out by the Tribophysics (Lubricants and Bearings) Section of 
the Council for Scientific and Industrial Research. A recent report ^ 
summarises the work of the Section in this field. 

For the electron diffraction studies, palmitic acid was selected. Layers 
of this acid on polished platinum, silver, cadmium, steel and copper 
surfaces were examined by the reflection method. The orientations ob¬ 
served in these layers and the temperature effects were generally in accord 
with the indications of previous work, most of which was done with the 
longer-chain stearic acid. However, in the course of these observations, 
a new orientation was found. The unusual structure and remarkable 
properties of layers so orientated form the main subject of this paper. 

The electron diffraction camera used was of the cold-cathode type 
due to Finch and collaborators.* An adaptation of the standard specimen 
holder and a special mount containing a heating coil allowed metal 
specimens to be heated to temperatures up to 300° c. while under ob¬ 
servation in the camera. Purified samples of palmitic acid and cadmium 
palmitate, and the metal blocks employed were supplied by the Tribo¬ 
physics Section, C.S.I.R. The metal surfaces were prepared by grinding 
on successively finer stages of emery paper under water, and polishing 
with rouge on a soft damp pad. 

Thick Layers of Fatty Acids on Metals. 

These were produced on the polished surface either by melting crystals 
of the palmitic acid or by evaporating a drop of a benzene solution of the 
acid from the surface. Several orientations were observed including, in 
a few cases, the pattern found by Murison.® This consisted of arcs near 

«a , 

♦ Now with Division of Industrial Chem., Council for Scientific and Indust. 

Research. ^ Bowden, Gregory and Tabor, Nature, 1945, 156, 97. 

* Finch and Quarrell, Proc. Physic. Soc., 1934, 4 ^t 148; Finch and Wilman, 

Ergeb. Exakt. Naturwiss., 1937, 16, 353. * Murison, Phil. Mag., 1934, 17, 201. 
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the origin due to crystallites orientated with the (no) plane of the mono¬ 
clinic unit cell parallel to the euiiace. Diffuse bands due to molecules 
standing approximately normal to the surface were also present. 

More common was a pattern of bands inclined to the shadow edge 
and some diffuse spots. These patterns were similar to those observed 
by Germer and Storks * from built-up multilayers, but were not so well 
defined owing to the poorer crystallisation of the acid. The inclination 
of the bands indicated that the molecular chains were tilted at an angle 
of about 54° to the surface, corresponding to the a-form of the acid 
(a == 9*4, 6 = 5*0, c = 45-9 a., p = 51°). Rubbing of these thick layers 
in any one direction with degreased cloth produced an orientation similar 
to that observed by Germer and Storks * for rubbed stearic acid layers. 
The molecular chains lay inclined, against the direction of rubbing, at an 
angle of 5° to the surface. The acid remained crystallised in the a-form, 
with the 6-axis parallel to the surface. Continued rubbing of the layer 
removed all but the first monolayer of the acid. This monolayer con¬ 
tinued to give the characteristic diffuse-band pattern due to molecules 
standing normal to the surface. 

On heating these thick layers, both rubbed and unrubbed, the orienta¬ 
tions giving the spot patterns disappeared at temperatures well below 
the bulk melting point of the acid, 63° c. The temperature at which the 
spot pattern was seen to fade out ranged from 35° to 55° c. Above this 
latter temperature the layer gave a very diffuse band pattern, indicating 
that very little orientation remained. 

Monolayers on Metals. 

Germer and Storks * have shown that the molecules in the first mole¬ 
cular layer of long-chain fatty acid on a metal surface stand almost per¬ 
pendicular to the surface, with no lateral regularity. This first layer is 
of particular interest from the point of view of boundary lubrication. 

Fatty acid added to a paraffin oil forms such a monolayer at the oil- 
metal interface. The acid molecules in this layer are held strongly to the 
metal surface and play an important part in preventing metal-to-metal 
contact under the high-load conditions of boundary lubrication. Recent 
results ^ have shown that the lubricating action of fatty acid layers on 
such metals as copper and cadmium breaks down at temperatures from 
30° to 60° c. above the bulk melting points of the acids, the temperature 
varying with experimental conditions. On such metals as platinum, 
silver and chromium, the fatty acids have no lubricating effect. 

Electron diffraction has shown that on steel and copper surfaces, the 
molecules in the first monolayer lose their orientation at a temperature 
corresponding roughly to the temperature at which the lubricating action 
of the acid breaks down. The pattern of slightly curved diffuse bands 
given by a fatty acid monolayer becomes more diffuse on heating, and 
finally disappears within a temperature range of a few degrees. Beeck, 
Smith and Wheeler ® found that a stearic acid layer on steel lost its 
orientation at 110° c., or 40° c. above the melting point. Tanaka ’ used 
a copper base and found that for stearic and palmitic acids, and for 
paraffins of similar chain-len^h, the orientation became random at 50° 
to 60° c. above the bulk melting point. 

In the present investigation the temperature of transition from ordered 
to random array was found for monolayers of palmitic acid on platinum 

* Germer and Storks, Proc. Acad. Nat. Sci., 1937, ^ 3 * 39o ; /• Chem. Physics, 

1938, 6, 280. 

® Finch, J. Chem. Soc., 1938, 1144; Germer and Storks, Physic. Rev., 

1939, 55 , ^>48. 

® Bccck, Smith and Wheeler, Proc. Roy. Soc. A, 1940, 177, 90. 

’Tanaka, Mem. ColL Sci. Kyoto Imp. Uni. A, 1938, 21, 85 ; ibid., 1939, 
22, 377 ; ibid., 1941, 23, 196, 



62 ELECTRON DIFFRACTION ON METAL SURFACES 

and cadmium. Monolayers were prepared by prolonged rubbing of thick 
layers with degreased cloth or by the “ retracting-drop technique. In 
the latter method a monolayer is formed on the metal as a drop of a solu¬ 
tion in hexadecane spreads over the clean surface, and remains when the 
liquid subsequently contracts into small drops. On the two metals the 
behaviour of the pattern on heating was essentially the same. The bands 
became very diffuse and faded out completely within a few degrees of 
105° c., or approximately 40® c. above the melting point of the acid. 
For purposes of comparison, monolayers of cadmium palmitate were 
formed on platinum and cadmium surfaces by prolonged rubbing of thick 
layers. Such soap monolayers showed band patterns similar to those 
from the acid, and likewise lost their orientation at 105® c. 

This value of the transition temperature for palmitic acid is con¬ 
sistent with that given by Beeck, Smith and Wheeler for stearic acid 
on steel, and, to a lesser extent, with the results of Tanaka. Thus it 
appears that the loss of orientation in a monolayer formed from the acid 
occurs at a temperature which is independent of the base metal. Also 
the transition temperature seems to be the same whether the molecular 
chain is terminated by an acid group or a metal ion. In the case of a 
layer formed from palmitic acid on cadmium it is possible that a soap 
should be formed by chemi-sorption of the acid, but this seems unlikely in 
the case of acid layers on platinum. 

A New Orientation. 

In the course of the above investigations a layer of palmitic acid was 
prepared on a polished platinum surface by melting crystals of the acid, 
and smoothing the liquid over the surface with a glass rod as it solidified. 
The layer was then rubbed backward and forward in one direction with de¬ 
greased cloth. The diffraction pattern, reproduced as Fig. i, was ob¬ 
tained by reflection, with the electron beam grazing the surface in a direction 
perpendicular to the direction of the rubbing strokes with the cloth. The 
pattern is seen to consist of rather sharp spots on a number of lines per¬ 
pendicular to the " shadow-edge,'' or the intercept of the plane of the 
specimen on the photographic plate. For convenience these lines will 
be referred to as vertical." Faint rings pass through the spots, and 
the spots on those lines farthest from the centre are elongated to arcs 
along the rings. The spots on alternate lines form a regular cross-grating 
pattern. Those on intermediate lines are less numerous, more diffuse, 
and apparently unrelated to the cross-grating. This pattern of spots 
and lines will be referred to as " pattern C." A faint diffuse-band 
pattern similar to that given by a monolayer is also present. 

With the specimen turned through 90®, so that the electron beam 
lay parallel to the rubbing direction, the pattern was very different and 
too weak for reproduction. There were no vertical lines, but only faint 
rings with one or two weak arcs along the centre line position, and a heavy 
diffuse background. Measurements of the cross-grating pattern on 
alternate lines showed that the vertical separation of the spots was due 
to a lattice spacing d = 7*4 A. The separation of the vertical lines cor¬ 
responded to ~ 5-1 A. Thus the horizontal spacing of the spot pattern 
on alternate lines was d = 2-55 A. 

The dimensions = 5-1 and = 7*4 a. are close to those of the cross- 
section of the monoclinic unit cell of the long-chain fatty acids. This 
same unit-cell cross-section is common to a large number of long-chain 
organic compounds, including paraffins, fatty acids, alcohols and esters. 
In the case of the paraffins, where the monoclinic angle becomes 90®, these 
are the a and b unit-cell dimensions of the ortho-rhombic cell. 

Thus the cross-grating pattern wras given by crystallites orientated 
so that the molecular chains lay approximately parilel to the surface, 
and perpendicular to the direction of rubbing with cloth. The planes 



Fig. i.--T)iHnuii()n paltcrn from layer I'lc;. 2, Layer soaked in benzene, 

formed from palmitic' acid on platinum. 



I'lG. p l.avor after healing to 500'' <:. 
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Fig. 4. —Heated to tS5o' c. 


I'lG. 5. --Superim|)o.scd patterns due to 
the two new structures. 
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with spacing ~ 7*4 a. were parallel to the surface. The vertical lines 
corresponding to a spacing » 5*1 a. are attributed to planes of dis¬ 
continuity in the lattice. In the mechanically orientated and poorly 
crystallised material, adjacent crystallites were tilted with respect to 
each other, so that there was no regular arrangement of atoms in the 
boundary planes. Such boundary planes occurred at multiples of 5*1 a., 
and so gave rise to the observed lines. 

In the cross-grating pattern the effective horizontal spacing was 
= 2*55 A. In this respect the pattern resembles that of the jS-form 
of stearic acid (a = 5-6, 6 == 7*5, p = 63®) for which the shorter dimen¬ 
sion was effectively halved, rather than the a-form for which the odd 
orders of the a = 9-4 a. dimension were suppressed.* 

The rings are due to randomly orientated crystallites. The spots on 
the odd vertical lines occur where strong rings cut these lines, but not 
at all such intersections. The strong spots on the odd lines form a row 
parallel to the shadow-edge. This could possibly be the layer line for 
; = I, where the /^-spacing is taken as c = 2*54 a. The strongest spots 
visible would then be the (loi) and (301) reflections, given by strongly 
tilted crystallites. 

The faint band pattern was given by uncrystallised molecules standing 
approximately normal to the surface, either in the first monolayer next 
to the metal, or in un-orientated parts of the layer. The pattern of faint 
rings appearing at the 90° azimuth was due to random ciystallites. The 
weak arcs had a vertical spacing of d == 7*4 a., and confirmed the orienta¬ 
tion with this periodicity perpendicular to the surface. The absence of 
any vertical diffuse layer lines due to the spacing d = 2*54 a. along the 
carbon chains supported the assumption that the angles of tilt of the 
cr^'^stallitos to the surface might reach large values. The bands were 
spread out into the general diffuse background. Thus the crystallites 
seem to have been orientated with the molecular chains parallel to the 
vertical plane and perpendicular to the rubbing direction, but varying 
in tilt with respect to the surface. 

The occurrence of the dimensions = 5*1, ^2 = 7'4 a. rather than 
those of either of the usual a- or j 3 -forms of long-chain fatty acids raises 
the possibility that an orthorhombic form, similar to that reported by 
Trillat and Hirsch,* may have been present. These authors examined 
thin, well-crystallised films of stearic acid. They found that the spot 
pattern due to the a- or jS-form of stearic acid, faded under the electron 
beam to give a pattern similar to that of the paraffins. This “ y-form ** 
of stearic acid had unit-cell dimensions given as — 7-4, ^2 = 5*i a. if 
a 2 % correction, indicated by a footnote to the above paper, is added. 
The writer has confirmed these results using thin films of palmitic acid, 
evaporated on a water surface from benzine solution. 

The method first used to produce pattern C was rather complex and 
not consistent in its results. A series of experiments was undertaken 
to discover the essential steps of the preparation. In no case was the 
pattern produced without the step of smoothing the molten acid as it 
solidified. Rods of glass or silica, and, in one case, degreased cloth were 
used successfully as the smoothing implement. Rubbing of the solidified 
layer with degreased cloth was not essential but seemed desirable. The 
direction of rubbing determined the direction of orientation of the mole¬ 
cular chains. If a layer giving pattern C was rubbed at right angles to 
the original rubbing direction, the molecules turned round and became 
orientated perpendicular to the new direction of rubbing. With vigorous 
rubbing the pattern C faded until only the brightest spot, the (020) 
remained, together with a monolayer pattern. This last spot was very 
difficult to remove by rubbing. The layers produced by the above 
method were usually too thin to be visible, but sometimes appeared as a 
faint smear. 


Trillat and Hirsch, J. Physique Rad., 1933, 4» 38. 
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In some cases, pattern C did not appear immediately when the specimen 
was examined in the electron camera. Preliminary patterns of arcs 
close to the central spot were first observed. These faded, and gave place 
to pattern C after a minute or two, or on heating to about 40® c. These 
preliminary patterns were recorded on several occasions, but were never 
very clear. The diffuse arcs were not due to the (no) orientation 
mentioned above. The arcs on the central line indicated a spacing of 
approximately d = 3 7 a., or the second order oi d ^ 7*4 a., corresponding 
to an (010) orientation of the unit cells. Spots corresponding to the 
(no) and (130) positions for this orientation were also present. 

Properties of Layers Giving Pattern C, 

Layers formed from palmitic acid on a polished platinum surface and 
showing the new orientation, had properties differing widely from those 
of the bulk acid or of previously observed layers on metals. In par¬ 
ticular the difference in behaviour on heating was very marked. Solvents 
which normally dissolve fatty acids, such as benzine and alcohol, did 
not remove the layer. Specimens giving patterns such as Fig. i were 
soaked in such solvents for 10 to 20 hr., and subsequently gave similar 
patterns, with an increase in clarity due to the removal of the molecules 
giving the diffuse band pattern, and much of the diffuse background. 
Fig. 2 was taken from a specimen soaked in benzine. The vertical lines 
and spots were much more extensive than before soaking. 

The effect of heating on the orientation was first investigated by 
heating the specimens in the vacuum of the electron diffraction camera. 
At about 100® c., pattern C became clearer as the diffuse band pattern 
faded out. The pattern observed on the fluorescent screen showed no 
appreciable change when the temperature was raised to the limit of the 
heating specimen holder, viz. nearly 300® c. A pattern recorded at 260° c. 
was similar to those obtained at room temperature, only differing in the 
absence of the band pattern. 

The effect of higher temperatures was investigated by heating specimens 
which had shown pattern C in an electric oven in air at atmospheric 
pressure, and examining them in the diffraction camera when cool. Two 
series of such experiments, heating to successively higher temperatures, 
gave similar results. After heating the specimens in air to over 300® c. 
the pattern showed a noticeable decrease in orientation, the spots being 
drawn out more into arcs, the rings becoming stronger and the vertical 
lines fainter. The lines were still present, although weak, after heating 
to 400® c. After heating to over 425® c. the vertical lines had disappeared 
and a pattern of rings, with stronger arcs corresponding to the brighter 
spots of the original spot pattern, remained. This is shown in Fig. 3, 
taken after heating to 500® c. Further heating of the specimens reduced 
the degree of orientation. After heating at 700® c. for one series, and 
800® c. for the other, diffuse rings due to the platinum base appeared with 
the fading shar]) ring pattern. Fig. 4, taken after heating to 850® c., 
shows diffuse platinum rings, dotted with elongated spots due to the 
recrystallisation of the polished surface. The inner rings of the previous 
pattern remain faintly, and show slight orientation. 

Thus the crystallites in the layer lost most of their orientation at 
between 400° and 500® c., but remained on the surface after heating in 
air to 700® or 800® c. Below the transition temperature at about 450® c., 
the rings were in fair agreement with those expected from an ortho¬ 
rhombic lattice with a — 5*1, h = 7-4 and c = 2-54 a. Above this tem¬ 
perature the ring diameters increased corresponding to a decrease in the 
a and h lattice dimensions of about 5 %. The spacings from patterns 
taken below and above the transition temperature are compared with those 
calculated from the appropriate lattice dimensions in Table I. 
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TABLE I. —Spacings from Ring jPattArns from Layers Heated below 

AND above 450’* c. 


Heated to leu than 450** c. 


1 Heated to 700* c. 
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2-29\ 

2-25 / 

2-25 

MS 

W 

2*17 

2-i8 

III 

2*15 

2*o8 

w 

W 

2*09 

2*10 

220 

2*00 

1*94 

w 

w 

MW 

1*97 

1*86 

1*94 

1-85 

121 

040 

i*75\ 

1-76/ 

1*75 

MW 

W 

1-74 

/i*75 

11*72 

211 

230 

i* 69\ 

3-66 

MW 

M 

1*69 

1*67 

I3J 

1*62/ 

W 

1*54 

1*50 

041 

1-45 

1-50 

MW 

M 

1*49 

1*48 

050 

— 

— 

— 

W 

1*40 

h 1-41 

301 

— 

— 

— 

— 

— 

1-39 

3” 

— 

— 

— 

M 

T*3o 

1*29 

241 

— 

— 

— 

— 

— 

1*28 

400 

— 

— 

— 

MW 

1*25 

1*23 

0()0 



—, 


* Values calculated for a — 5* 10, b 7*40, c — 2*54 a. 
f Values calculated for a — 4*85, b 7*03, c — 2*54 a. 


On the left-hand side of the table, the spacings averaged from a number 
of plates taken after heating to less than 450° c. are compared with those 
calculated for a = 5*10, b — 7*40, c == 2*54 a. On the right-hand side, 
the spacings from a plate taken at 700° c. are compared with those cal¬ 
culated for a — 4*85, h — 7*03, c — 2*54 a., or a 5 % contraction in a and 
h dimensions. No great accuracy was possible in the measurements. The 
apparent contraction of the lattice was shown by all layers heated to 
more than 450° c., with the exception of one case to be mentioned later. 
The average linear contraction for the high temperature patterns was 
5-2 ( ± 0 - 6 ) %. 

Layers on Metals other than Platinum. 

Attempts to produce the orientation giving pattern C on other metals 
met with varying success. On polished silver and steel surfaces, layers 
prepared by the methods outlined above gave pattern C, identical with 
that observed on platinum. On both metals the pattern was unchanged 
after heating the specimens to well over 100° c. in the camera. In the 
case of the steel, the pattern was faintly visible after heating in air to 
300® c., although the surface was oxidised to a strong orange colour. 

On copper surfaces, a number of patterns were observed which seemed 
intermediate between pattern C and the preliminary patterns sometimes 
obtained on platinum. The patterns consisted of diffuse arcs, with a 
spacing on the central line d = 3-7 A, or sometimes d == 7-4 a., and oc¬ 
casionally faint vertical lines appeared. These patterns faded out at 
temperatures of from 90° to 130° c., the temperature being higher in the 
case of layers giving patterns with more of the characteristics of pattern C. 


3 
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Faint rings of Cuprous oxide appeared when these patterns faded. Several 
attempts to produce pattern C on cadmium sunaces were unsuccessful. 
Pattern C was also given by layers prepared from stearic acid on platinum. 
The dimensions of the pattern and its behaviour on heating were the 
same as for layers prepared from palmitic acid. 

A Further New Structure. —One specimen prepared from palmitic 
acid on platinum as previously to give pattern C, gave in addition a second 
pattern of the same form but with difierent dimensions. The two patterns 
are superimposed in Fig. 5. The second pattern has vertical lines -with 
separation corresponding to d ~ 6-3 a., and spots on the vertical lines 
indicate a spacing d ^ 14 a. of planes parallel to the surface. In this 
pattern the spots of the cross-grating lie on every vertical line instead of 
every second line as in pattern C. 

Faint traces of this second pattern were found with pattern C in some 
layers on steel and silver. In these cases only one or two spots of the 
new pattern appeared. The layer on platinum was heated to increasing 
temperatures in air. The new pattern was almost completely removed 
by heating to 400° c., leaving pattern C. Further heating up to 700® c. 
gave ring patterns as previously observed at these temperatures, but 
with arcing indicating an orientation of the (200) plane, with d = 2-55 a., 
parallel to the surface. For this series there was no evidence of the 
contraction of the lattice at temperatures above 450® c., which was 
observed previously. 


Discussion. 

There was a remarkable difference between the properties of the 
layers giving pattern C and those of layers of normal fatty acids. This 
difference cannot be attributed to a modification of crystal form only. 
The loss of solubility, and the increase in the temperature of break-down 
of crj^stal structure from 40® to 50® c. to over 800° c., represent changes 
of a difierent order of magnitude from any which could be accounted for 
in this way. Two alternative explanations present themselves. The 
pattern may have been given by an inorganic substance present as an 
impurity, or a reaction product or else the layer remained of a long-chain 
organic nature, but had undergone a change which replaced the weak 
van der Waals’ forces between the molecular chains by stronger bonds. 

The nature of the pattern supports the latter contention. The dimen¬ 
sions of the cross-grating are in fair agreement with those of the unit cell 
cross-section common to a large number of long-chain organic substances. 
No inorganic material which could have been present has these unit cell 
dimensions. The occurrence of diffuse lines is rare for inorganic materials, 
and for such substances a cross-grating would also have been observed 
at the 90° azimuth. The form and dimensions of pattern C were inde¬ 
pendent of the base metal, and of the material of the smoothing rod. 
The metal bases showed no abnormal surface structure before or after the 
pattern C was present. The possibility that the pattern C may have 
been due to metal-organic compounds seems remote in view of the poor 
results on the more reactive metals, cadmium and copper, as compared 
with platinum and silver. 

The pattern C has no parallel in patterns from inorganic material, 
but shows a resemblance to some published patterns from organic sub- 
stances. In particular there is a marked similarity with patterns pub¬ 
lished by Storks,® obtained by transmission methods from linear high 
polymers in stretched films. Diffuse lines in this case were given by 
fibre spacings. In the case of gutta percha this spacing was if = 5*0 a. 
More recently Charlesby has investigated the structure of films of 

• Storks, J. Amer. Chem. Soc., 1938, 60, 1753. 

Charlesby, Proc. Physic. Soc., 1945, 57, 496, 510. 
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polythene lormed on water or rubbed pn metals. The ring patterns from 
the polyciystaHine layers agreed ^th those for an orthorhombic 
lattice with a =» 7-428, 6 = 4-934, ’ 2-532 a., and show a striking 

similarity to the ring patterns observed when pattern C was heated. 
Rubbed polythene layers were orientated with molecules l)dng parallel 
to the rubbing direction, and this orientation persisted after heating to 
well above the “ melting point ** of 90® to 100® c. Charlesby records that 
the orientation .was weaker after heating to 180° c., and absent after 
heating to 300® c. 

The comparison suggests that the change which must have occurred 
in the layers prepared from palmitic acid was of the nature of polymer¬ 
isation, with strong lateral binding developed between molecules in small 
** crystallite " regions, and possibly long chains, similar to those of poly¬ 
thene extending through these regions. The possibility of such a change 
seems remote under normal conditions, but, for the conditions of low 
pressure, and heating and strong ionisation due to the intense electron 
bombardment, some such transformation may occur for molecules suitably 
orientated by a previous smoothing process. There is definite evidence 
that the change occurred under the influence of the electron beam. As 
recorded above, pattern C often appeared after a preliminary pattern, 
apparently due to a normal fatty acid layer, had fad^. Similarly Trillat 
and Hirsch observed the transformation of a- and j 3 -stearic acid crystals 
to a stable y-form after a few minutes in the electron beam. Such a 
transformation may also explain the reference of Lark-Horovitz, Yearian 
and Howe to organic layers of unknown composition giving rise to 
“ extra rings in transmission patterns from metal films. These rings 
were not removed by heating to 500® c. 

The assumption of such a polymerisation is in agreement -with the 
observed form of pattern C, and allows a qualitative explanation of the 
variation in pattern at high temperatures. The development of strong 
lateral bonds would give rise to regions of crystallisation of the chains, 
following the original orientation produced by the smoothing process. 
This orientation would be lost at a temperature louver than that at which 
the crystallites break up. The orientation with the molecular chains 
perpendicular to the smoothing, or subsequent rubbing, direction seems 
reasonable by analogy with the well-known effect of rubbing a damp 
powder under the finger. The powder forms thin filaments perpendicular 
to the rubbing direction, and acicular particles will lie along the filaments. 

The patterns given by the layers formed on copper are interesting. 
These patterns were intermediate between those of the less stable layers 
and pattern C, and the layers showed intermediate properties, as if the 
formation of the new structure was impeded. This effect, and the absence 
of the new structure in layers on cadmium may have been due to a re¬ 
action between the fatty acids and these metals to give salts. These 
soaps do not crystallise readily and would prevent a more complete 
orientation of the remaining acid. 

Finally, it must be stated that the technique used to obtain pattern 
C was not infallible and frequently failed to give the pattern. It is hoped 
that further work on the problem will be possible so that a clearer picture 
of the nature of the change occurring may be obtained, and such complica¬ 
tions as the new structure with dimensions = 14 a. and a, = 6-3 a. 
may be resolved more fully. 

In conclusion, I would like to express my indebtedncvss to Dr. R. S. 
Burdon for friendly criticism and advice, to other members of the staff 
of the Physics Department, University of Adelaide, and to the staff of 
the Tribophysics Section of C.S.I.R., for their co-operation. 

Lark-Horovitz, Yesirian and Howe, Physic, Rev,, 1935, 48, loi. 
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^ Summary. 

The structure and effect of heating of layers of palmitic acid on various metals 
have been investigated. The temperature at which the orientation of the 
molecules is lost, is below the bulk melting point for crystalline layers, and is 
105® c. for monolayers, being independent of the metal used as base. 

A new orientation in layers formed from fatty acids on metals is described, 
corresponding to an orthorhombic structure and giving a characteristic pattern. 
Such layers are not soluble in the usual solvents, do not lose their orientation 
until heated to over 400^0., and remain on the surface in crystalline form to 
about 800® c. It is suggested that these properties arise from a change taking 
place under the influence of the electron beam. 

Physics Department, 

University of Adelaide, 

South Australia, 


A REFRACTOMETRIC METHOD FOR FOLLOWING 
REACTIONS IN CLOSED SYSTEMS. 

By H. W. Melville and W. F. Watson. 

Received yrd October, 1946. 

Measurement of refractive index has proved one of the most generally 
applicable physical methods employed for following the course of chemical 
reactions in solution. In almost all cases, small vsamples of the mixture 
have been extracted from the system at known time-intervals and the 
refractive index measured usually with an Abb6 or a Pulfrich refracto- 
meter. Clearly this technique cannot be extended to experiments carried 
out in vacuo or to very viscous solutions, and thus it is not surprising 
that little use has been made of refractometric methods in the many 
experimental studies of polymerisation reactions, where exact work is 
conducted mostly in absence of oxygen and with semi-solid solutions. 

However, the laborious solution and precipitation, or “ frozen benzene 
technique ^ at present employed with concentrated solutions of high 
polymers makes any purely physical method of determining composition 
very desirable. In fact, the lack of rapid methods of measuring the rate 
of polymerisation, especially towards the end of a reaction, is a real 
handicap in the further study of the effects that arise when much polymer 
is present in the reaction system. 

Dilatometry has been used to follow accurately the initial stages of 
polymerisation but there is no complementary method for the later viscous 
stages. A study of the kinetics in the transitional and sohd state is be¬ 
coming increasingly important since the presence of the poljmier may 
affect the magnitude of the velocity coefficients and, in some cases, may 
act as an additional source of radicals for further polymerisation of the 
monomer. Such technique may also be used for the study of copolymer¬ 
isation. 

In view of the excellent optical properties of many thermoplastic 
materials, a new method of determining refractive index without dis¬ 
turbing the system has been developed using simple, and readily available, 
cylindrical reaction vessels. This optical device is equally applicable 
to fluid and very viscous solutions and is of general use outside the field 
of high polymers. 

^ Mayo and Lewis, Ind. Eng, Chem, (Anal,), 1945, 17, 134. 
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Description of Rofiractometer. 

The tube containing the mixture, the refractive index of which is 
changing during the course of the reaction, is considered as a cylindrical 
lens of var5dng focal length. The problem is to design suitable apparatus 
to measure accurately small changes in the power of this lens. The device 
used consists of three parts : (i) a convergent lens system composed of a 
simple cylindrical lens and a complex lens in media of, suitable refractive 
indices; (2) a vertical object arranged parallel to the major axis of the 
cylinder to produce a real, inverted image by means of the lens system; 
and (3) a means of detecting the position of the image on an optical bench. 
The various parts are set up on a 3 m. optical bench with the optical axis 
of the lens combination arranged parallel to its length. Fig. i shows the 
arrangement finally employed. 



Fig. 1.—Arrangement of the refractometcr for measuring image 
position by the focussing method. 

N is a sodium lamp which, with the ground-glass screen S as diffuser, 
provides a uniformly luminous background for the object O. The object 
finally chosen was a fine Perspex fibre stretched vertically across a i cm. 
hole cut in a small brass plate, but other vertical linear objects have certain 
advantages in special conditions. R is a vertical slit which acts as a 
stop for all rays not incident on the lens system at a small angle to the 
optical axis. The thermostatted copper tank T contains a stand to which 
the reaction vessel C is firmly fixed by spring-clips. L is a complex 
lens producing the final inverted image, I. Stand V, which can be moved 
along the bench, carries a parallax pin or a powerful convex lens D to 
detect the position of I. 


Discussion. 


A system employing a specially-shaped reaction vessel, e.g. with 
optically flat, parallel or prismatic sides is easy to design but when one 
vessel may last only one run difficulties of construction and expense make 
this impracticable for regular use. Since this method was developed, 
Debye * has published a very accurate form of refractometcr employing a 
prismatic vessel, but this shape is not suitable as a reaction chamber. 

Optimum conditions, using a jsimple tubular vessel. A cylindrical 
lens in air has a focal length of 




2 (fi - I) 


(I) 


With reaction vessels of a practicable size, the focal distance is thus very 
short. As is common with simple lenses of fairly high power, image 
formation is particularly poor. To obtain an image at a suitable distance 
from the lens, the object must be just outside the focus, in which region 


* Debye, /. Appl. Physics., 1946, 17, 392. 
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(ix) is the fundamental equation relating v to the desired constants for 
different values of S/i, i.e. for variable fjt\ Fig. 3 and 4 are the residts of 



Fig. 3.—Comparison of the experimental 
and theoretical results for the change 
in image position with change in 
refractive index. 

r = 1*65 cm. ; = 2*7 cm. ; 

w = 2*5 cm. ; d = ii‘0 cm. 

AS = 2‘4 cm. ; u = 1*5240. 


experiments using values of the constants to verify (ii) over a wide range. 
The crosses indicate experimental values, while the circles give those 
calculated from (ii) using direct measurement 
of the constants. As is necessarily an ac¬ 
companiment of high sensitivity, the expres¬ 
sion is very sensitive to small errors in the 
direct measurements, which is unavoidable 
when mean values neglecting the thickness 
of the glass walls are chosen. It is clear that 
(ii) is verified in practical cases. 

To evolve simple relations of practical 
value in deciding optimum conditions for 
sensitivity and linearity a new constant z/q, 
defined as the value of v when = /x, is 
introduced. 

Let jLi' = /*, then equation (10) reduces to: 

[u^ 4- (i - -f d 




[Ml + (I — Ji)w]/#l + 4 -/ 

Rearranging (12) gives 


^ • (12) 


d +-Mi + 

f* 


(I - /*) 


w = 


from which ^ + /Lt/ + 


>0 


(13) 


/- fo 

i.e. the implicit constants h and Wj are replaced 
by the simple expression involving only 

Sensitivity. 

The sensitivity of the refractometer can 
be found for special values of the constants 
by direct differentiation of (10) with respect 
to ft'. 

Writing (10), in the form 

. dfi -f- h 

z/ ==/. 



Fig. 4. —Comparison of ex¬ 
perimental and theoreti¬ 
cal results for a system 
of considerably greater 
sensitivity than in Fig. 3. 

r = 0*75 cm. ; = 3*2 cm. ; 

w ~ 1*5 cm. ; d = 10-5 cm. 

AS = 3*1 cm. ; u — 1*5221. 


where a = [u^r + k{r — 2ai)], 

h = 2Uikfi, 

dv 

d/ 


Cfx' d 

c = Ujr + (k + 
d “ -f- 

ad — be 


(I4fl) 


2«i), 


■f- 


(Cji' H- rf)* 


and on differentiating, 


• (14) 
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Sttbstitutioti in (X4) gives a very complex expression. However, by 
putting fi' ^ fi, we obtain a simple relation for S, which is defined as the 
sensitivity when #i' =* fi. Thus witn 


S 


T—, when tt' 

dfi' 


/i. gives from (14) and (13) 




(15) 


Equation (15), however, does not give information directly on the 
choice of the various constants for any desired sensitivity, because one 
of the most important parameters of the system, d, is involved in a 
complex manner in v^. The influence of the independent variable, r, 
however, is clearly demonstrated, the sensitivity being inversely pro¬ 
portional to the radius of the cylindrical lens. 

It is therefore preferable to introduce h into (15) since k and d are 
simply related by the previous expression (9), and optimum values of 
w are also clearly described. From (13), 


U. == _ k. 

f-Vo 


Substituting in (15), 


g{M>«/(/— Vq) — *}*(/— P«)* 




which reduces to 


2 V 


i’fr 4- -/) 


]■ 


. (16) 


(16) is a suitable expression for the sensitivity, and we note that optimum 

values for high or low sensitivity can be found by inspection, —^ 

is always negative as—Vo>>—/; k and y, are always positive, and v© 
and / are always negative, and the factor has a value between o and 
— I, as > — k(vo — f). Hence the sensitivity depends on this term 
being as small as possible, and 2ro*/r as great as possible, i.e. Vp*. For 
any given k, f should be as large as possible and for any given /, k 
should be as small as possible. 

By (9), fid (1 — fi)w should be as small as possible, because 
fi> — {i — fi), d is always positive, and (i — fi)w negative, i.e. the sensi¬ 
tivity is a maximum when is as small as possible, being in the limit 
equal to w. 

Summarising, the maximum sensitivity depends on the foliowring 
factors. 

(1) By using a reaction tube of radius as small as possible consistent 
with obtaining a well-defined image {vide infra), 

(2) By making d as small as possible even at the expense of also 
reducing w, since the term in d varies approximately three times as quickly 
as the term in w in (9). This means that the object space equivalent 
plane of the auxiliary lens must be as close as possible to the wrindow of 
the copper tank and, further, that the cylindrical lens be brought as close 
as possible to the inner side of the same glass window. 

(3) By having the focal length of the auxiliary lens as large as possible. 
This is limited by the dimensions of the apparatus as it is necessary that 
Vo >/. 

In Fig. 5, expression (16) is plotted against / for arbitrary values of k 
taking — 100 cm. It is seen that a high sensitivity is obtained for 
practical values of k by having the focal length greater than 10 cm., after 
which the sensitivity increases more slowly. About / =.13 cm, gives a 
useful lens. 


m 


3 
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(4) should be as large as possible. However, as is shown by all 
the V fi graphs, very much greater sensitivity is gained by living 
/*' < fx, where v rapidly changes with bfx'. For v < 300 cm., the image 
has considerable depth of focus and a useful value of Vo is approximately 
100 cm. 



Fig. 5.—Plot of sensitivity against focal length for 
different values of k, showing dependence of 
sehsitivity on k and /. 



Fig. 6.—Results for a 
sensitive design of 
refractomeler fol¬ 
lowing the criteria 
of (16). 


Fig. 6 shows experimental results for a fairly sensitive design. With 
efficient design and thennostatting, considerably greater .sensitivities 
should be reached, making refractive index measurement more accurate 
than by the standard means. 


Linearity. 


Linear change of v with 8ft is important in many practical cases, e.g, 
for following with equal sensitivity the course of a polymerisation over 
a range of, say, 8fi = 10*05. T^he condition for linearity is that the value 
of the second term in the denominator of (11) should be much smaller 
than the first. 

(ii) is of the form 


V 


a ^8ft 
c -f- dhtx 


which equals == 


a 4 - hhfi 
c 


when 8ft is small. 


The condition for linearity is 


that is, 

But from (13), 
Therefore 


+ (* + llf)(r — 2M,)} 


+ * + m/)} 

_ 2W|(^ + /*/) 1 

M I »'(«! + ft + ft/)/ 

m/' 


I from (ii), 


I. 


^ + m/ == 


M I 


j?[.- 


/- fo 
Ml(/- «ol 
m/' 


]}| 


< I 


(17) 


(18) 


The coefficient of 8ft/ft is plotted against %, in Fig. 7 for various / and r. 
The curves are in three series of three, each series with a constant, arbitrary 
value of / and the same three arbitrary values of y. The trends are quite 
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clear but the curves indicate that precise formulation of the conditions 
is very diflfiicult. The curves have definite trends except when the function 
lies between values of ± i where, in iny case, the system is almost truly 
linear as the 8^/fi term is sxnall 
in any practical case. 

From these curves we may 
draw the following conclusions. 

(1) In all cases, increase in r 
increases the linearity by reduc¬ 
ing the value of the function 
plotted. 

(2) / has a very varied de¬ 
pendence on y. Generally we 
may say that, given any /, we 
can obtain a function to give 
linearity for all Mj less than a 
certain critical value, but that 
the smaller /, the smaller is this 
critical value of %. 

(3) In general, the smaller 
the greater is the linearity, as 
can be seen by considering Vo as 
the variable and plotting as in 
Fig. 7 except that, say, r is now 
a constant. 

(4) It is possible to choose 
values to give the function Fig. 7.—Graphical illustration of the 
graphed a value of zero, i.e. to optimum conditions for linearity, 
give perfect linearity, but this is 

of little practical importance in most cases as the function is changing very 
rapidly in this region, e.g. the point A. Small errors in the constants will 
greatly upset linearity. On the other hand, a case such as / = 20, r = 2 




Fig. 8 .—System designed for measuring the polymerisation of methyl metha¬ 
crylate. The arrangement of the refractometer follows the conditions for 

^ linearity. 

would be useful. The practical criterion for linearity is to choose constants 
to give a curve with a shallow trough, its minimum having a small nega¬ 
tive value and a critical value of Wj, greater than the necessary practical 
value. 

Two experimental curves obtained in calibrating the system for follow¬ 
ing the polymerisation of methyl methacrylate are shown in Fig. 8. The 
lower curve was obtained with a temperature control of 72 ± 0*2® c. 
Both curves are almost linear. 
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Experimental. 

Choice of Tuhiiig to act as the Cylindrical Lens. —The tubina must 
possess truly cylindrical, outer and inner surfaces* and these must be truly con¬ 
centric, otherwise the glass walls will act as two lenses of power varying with 
the rotation of the tube. In ordinary stocks of tubing these conditions are not 
often found, but suitable lengths can be obtained by selection. Thick-walled 
tubing suffers especially from the defects considered above and also from local 
changes in thickness, resulting in surface distortions of the lens and consequently 
producing an ill-defined image. 

There is also an important theoretical disadvantage of thick-walled tubing. 
To obtain mathematical expressions of a practical v^ue in assessing optimum 
conditions, it is necessary to neglect the lens properties of the glass walls as these 
considerably complicate the above complex expressions. The power of each 
thin glass lens on opposite sides of a cylindrical tube is 

where f and s are the radii of curvature of the incident and emergent surfaces 
respectively. Where y very nearly equals s, i.e. with thin-walled tubing, the 
lens properties of the walls are at a minimum. For these several reasons and 
its resistance to sudden temperature changes, thin-walled tubing is preferable. 

The minimum radius of the tube necessary for accurate determination of 
refractive index is important. In polymerisation reactions in particular, the 
smaller the radius the more nearly are the conditions isothermal, for in wide 
tubes the heat of reaction is dissipated very slowly from the centre owing to the 
poor thermal conductivity of the medium. However, with narrower bore tubing 
the wall effects are relatively greater. Again, the optics require a narrow beam 
of light close to the optical axis and for a tube of small radius a wide aperture 
lens is obtained unless the slit S is very narrow. There is an experimental limita¬ 
tion to this stopping-down of illumination, and reduction in width of the slit 
makes the alignment of the apparatus difficult. Accurate results have been 
obtained using tubing down to o*8 cm. internal diameter. There is the im¬ 
portant compensation for image definition in that the sensitivity is inversely 
proportional to the radius. 

The choice of the type of glass depends on two factors, the attainment of 
the above conditions and its durability as a reaction vessel when heated in vacuo 
and subject to the considerable internal strain imposed by the contraction of 
the very viscous polymer mixture tenaciously adhering to it. Both soda and 
heat-resistant glasses are drawn in thin-walled tubing but the commercial manu¬ 
facture of resistant glasses produces many longitudinal striations which seriously 
affect its lens properties. On the other hand, these glasses make stronger re¬ 
action vessels. 

A compromise has to be made depending on experimental requirements. 
For the determination of the extent of polymerisation to ±0*5 %—usually of 
sufficient accuracy for single monomer polymerisations when a smoothed curve 
taken with observations on the same tube reduces the experimental error accord¬ 
ing to the usual mean-error law—Monax is found suitable. In certain cases, 
in particular in co-polymerisation, a very much greater accuracy is required 
and for this, soda glass would be preferable. Some runs were carried out using 
Veridia precision-bore tubing but the non-concentric thick walls and many 
striations more than nullified the advantage of the cylindrical inner surface. 

The Auxiliary Lens. —^This must provide a small depth of focus with a 
considerable magnification of image and aho a very flat field. To have a focal 
length as small as lo-i5 cm. the lens mint therefore be a system of not less than 
two simple components. The major difficulty with such a lens is that the first 
(object) plane is almost at the end of the system close to the copper tank. If 
/ is the distance from the near end to the object equivalent plane, the minimum 
value of i is d = / + w. 

For sensitivity requirements, this depends largely on the smallness of /. 
This difficulty was encountered with the most accurate lens so far used (aperture 

f 1 * 9 , /= —12*7 cm., total length = 15 cm.) giving a value to / of 8*5 cm., 
and thus imposing a serious limitation on sensitivity. A typical curve with 
almost the maximum sensitivity using this lens is shown in Fig. 3. 

Choice of Object and Method of Image Detection. —^This proved the 
most difficult practical problem. Various objects were tried as were the alter- 
antive methods of image detection, parallax and focussing. 
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For parallax* a very fine needle liied as object* parallax being delicately 
detected by having its inverted image point to point with a second pin sliding 
alox^ the bench. Parallax, however* requires a fairly wide beam with an un* 
avoidable caustic in consequence, due to the wide aperture of the simple lens. 
Even using a strong convex lens behind the parallax pin to widen the angle at 
which parallax may be detected, the image position was indefinite over a range 
of I cm. at V = loo cm., and the range rapidly increased with v. The parallax 
method also employs a considerable area of the cylindrical lens, thus depending 
on true cylindrical properties to a much greater extent than focussing. 

For focussing, an object of greater width than o-i mm. gives different parts 
in focus at different image distances. A Perspex fibre of diameter ca. 0*03 mm. 
stretched across a i cm. hole in a brass plate, which also stopped most of the 
unwanted illumination, proved effective. The slit was stopped down to 1 mm. 
in width, thus using only the central part of the lens. 

To detect the image position, a powerful convex lens (/ = 4 cm.) of very small 
depth of focus was used. The lens and its peephole were fixed in an adjustable 
mount and focussed first on fine cross-wires. The supporting stand was then 
moved till the cross-wires and image were in focus together. In this way a 
reading of ± o*i cm. at t; — 100 cm. was obtained. Fig. 3 is a typical graph. 

Aligning the System. —The tank is first fixed accurately perpendicular to 
the bench. A cylindrical lens is then introduced and arranged vertically by a 
spirit-level. The tube and the tank are filled with liquid of the desired refractive 
index for the outer medium, and the auxiliary lens set at the required distance 
and aligned visually. The object is then moved along the bench—after placing 
it approximately on the optical axis—and, without the slit, the object distance 
is adjusted to give the required Vq. The object and auxiliary lens are then 
aligned optically and the slit attached to the front window of the tank. 

Thermostatting of the Tank. —For low sensitivity, e.g. the lower curve 
of Fig. 7, thermostatic control to :t o*2® c. is adequate. This can be obtained 
by direct heating of the bottom of the tank by a mica-Nichrome element regulated 
by a bi-metallic spiral. For more accurate thermostatting, a specially-designed 
water jacket surrounds the tank. A narrow cross-section is chosen to cut down 
convection currents ; two optically flat microscope slides act as windows. The 
liquid contained in the tank must necessarily be chosen with regard to the 
magnitude of its refractive index, and it is preferable that it should be rather 
involatile at the working temperature. In the case of methyl methacrylate, 
decalin was found suitable for measuring polymerisation at 60-70® c. 

The authors gratefully acknowledge the assistance of Mr. Ben Noble, 
B.Sc., of St. John's College, Cambridge, in the theoretical section of this 
paper, and also of Miss Sheila Thomson for assistance in experimental 
work. 


Summary. 

A refractometer has been devised for measuring continuous changes in 
refractive index of transparent liquid systems contained in a cylindrical vessel, 
without disturbing the contents. The apparatus has been found satisfactory 
for measuring the course of liquid-phase polymerisation reactions, particularly 
in the gel stage. 

l^e geometric optics have been investigated and conditions described for 
obtaining a wide range of sensitivity of measurement and for designing the instru¬ 
ment to be equaUy sensitive within the desired range of refractive index. 
Experimental details of construction and of choice of reaction vessels have been 
given. 


Chemistry Department, 
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SOME NOTES ON THE GILFILLAN-POLANYI 
MICROPYKNOMETER 

By I. Lauder* 

Received *jth October, 1946. 

The technique of measuring concentrations of the heavy forms of 
water by the Gilfillan-Polanyi micropyknometer ^ is well known. Its 
working range is determined by several factors, mentioned below. Experi¬ 
mentally, if Pi and Pj are the pressures at which the pyknometer floats 
when the body contains liquids of densities di and d^ respectively, then 

d,^di^k{Pi^P,) .... (I) 

where k is the pyknometer constant. 

Now it may be shown that, to a first approximation, 

k d, - ^ Ad + Arf . . . . (2)» 

where Vi = the total volume of the pyknometer; = the internal 

volume of the body; AV — the change in volume of the head per unit 
pressure; Ad = the change in density of the water per unit pressure; 
and d^ = the density of water at o® c. (and i atm. pressure). The second 
term in equation (2) arises through the variation of the density with 
pressure of the water in which the pyknometer floats; the third term 
takes into account the same factor for the water in the body. Vi and 
may be obtained by weighing the pyknometer with and without water 
in the body ; Ad, assumed to be the same for the normal and test samples 
of water, is approximately o*66 x I0“® per cm. Hg ^ and AF is obtained 
from the measurements described below. 

The Measurement of AV .—The change, AV, was determined by ob¬ 
serving the displacement of a thread of mercury in a capillary attached 
to the head. For most measurements a capillary with a volume 2*35 x lo*"* 
cc./cm. was used. The open end of the stem of the pyknometer head was 
joined by wax or sealed directly to the top of the capillary tube. The 
head and the capillary were then filled with mercury by the standard 
vacuum procedure using the apparatus shown in Fig. i. The capillary 
was then set up as in Fig. 2 and held rigidly in front of the measuring 
microscope. Readings were taken at intervals over the desired pressure 
range. 

The mercury was removed from the head and, as it was very im¬ 
portant to protect the head from heat in all subsequent operations, the 
head was held between two halves of a bark stopper (Fig. 3). The stem 
of the pyknometer head, near the point which was originally joined to 

1 Gilfillan and Polanyi, J?. physik. Chem., A, 1933, 166, 255. 

2 Tyrer, J. Chem. Soc., 1913, 103, 1675. 

♦ Strictly speaking two further terms should be added to equation (2). 
Owing to the compressibility of glass, the internal volume of the body and the 
external volume of the body and stem vary with pressure. However, these 
effects are very small and do not alter k more than o*i-o*2. 
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the measuring capillary, was sealed ^ and a thin glass rod of several 
cm. was attached. Tlxe change in volume of the measuring capillary 
with pressure was negligible. 

The Adjustment of the Weight of the Pyknometer. —The most satis¬ 
factory procedure for the adjustment of the weight of the pyknometer 
was as follows. The head was cleaned and glass removed from the end 
of the thin rod until the head just sank slowly in water at o® c. As much 
of the glass rod as could be removed 
without endangering the head was 
then drawn off and replaced by a body 
of suitable capacity and of slightly 
greater weight (o-2-o*3 mg.). 

The final adjustment of weight 
was made by dissolving glass from 
the body with HF. Two strengths 
were used, 3 n. and 0*3 n., so as to 
give a better control of the process. 

The pyknometer was cleaned and 
filled with normal water. After ob¬ 
serving the rate of sinking in water 
at o® c.,the body of the pyknometer 
was dipped into the acid for a short 
time (2-20 sec.) and then immediately 
washed in water. These operations 
were repeated until the pyknometer 
floated in water at 0° c. under the 
desired excess pressure. From time 
to time during the adjustment, the 
pyknometer was wiped with moist 
filter paper and, as an added precau¬ 
tion when it floated at a pressure 
slightly less than atmospheric, it was 
cleaned and refilled. 

The results are shown in Table I, 
giving the values of k calculated by 
equation (2) and those of k measured 
by the use of salt solutions of known 
density. 

Pyknometers (4) and (5) are less 
compressible than water and conse¬ 
quently rise with increjising pressure; 
the others are more compressible and 
sink with increasing pressure. The 
heads of pyknometers (i)-(4) were 
sealed by wax to the measuring 
capillary; the head for (5) was sealed 
directly. The measurement of AF 
for the heads of pyknometers (i) and 
(2) was carried out (in air) at room 
temperature. This procedure was 
satisfactory when AF w^is fairly large but when small the temperature 
effects due to the adiabatic change in pressure of the air surrounding the 
head became very important. For this reason the subsequent measure¬ 
ments were carried out with the heads immersed in water at 0° c. Errors 
due to the small temperature change accompanying an adiabatic change 
of pressure on the water were avoided. 

The discrepancy between the calculated and the measured values of k 
is larger than expected.^ It is unlikely that all the error is in the measure¬ 
ment of A F. For one head, A F was measured with two different capillaries 
practically identical results were obtained. 
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TABLE I. 


Pyknometer 

Number 

AV 

cc./cin.Hg. 

X 10-* 

Vicc, 

V»ce. 

M 

eeloulated 

xxcr« 

k 

measured 

io-« 

I 

61.7 

0*0772 

0*0010 

57*3 

633 

2 

29.2 

0*0820 

0*0071 

34*2 

36.6 

3 

7-4 

0*0670 

O.OII4 

3*2 

1.9 

4 

51 

0*1310 

0.0060 

5-1 

2*0 

5 

2.4 

0*1260 

0.0124 

i 

4*1 

3*1 


Some difierence may be due to the “ ageing of the glass. It was 
found that if the whole construction and adjustment of a pyknometer 
was carried through in one day. the equilibrium pressure for normal water 
changed by 5-50 cm. Hg (depending on the sensitivity of the pyknometer). 
The constants given in the table were all determined 2-3 days after the 
pyknometer had been constructed. Subsequent calibrations showed that 
no appreciable changes had occurred after that period. 

It is also possible that the value used for aJ (o*66 x io~*/cm. Hg) is 
in error. This is suggested by the fact that in four cases out of the five, 
better agreement would be obtained if Ad were smaller. 

It is possible to cover any desired range of excess density by use of 
one pyknometer. The pressure at which the pyknometer floats in 
normal water when the body contains normal water is first measured; 
the pressure P, at which the pyknometer floats in a salt solution when the 
body contains the test sample is then measured. The excess density of 
the test sample is then given by the equation, 


{d, ~ d,) « k(P, ~ P,) + VJV, {d, . . (3) 

in which d^ refers to the density of the salt solution and the other terms 
(except P,). have the same significance as before. The method requires 
careful control to avoid errors due to the possible presence of diflferent 
amounts of dissolved air in the normal water and the salt solution re¬ 
spectively (cp. ref. *). Again, as a slight separation of the heavy forms 
of water occurs during distillation, the water in which the pyknometer 
is immersed for the first measurement should be from the same supply 
as that used for the preparation of the salt solution. The compressibility 
of the very dilute salt solution required for the experiment may be taken 
as the same as that of pure water (cf. Gilbault *), 

The author wishes to thank Mr. E. C. M. Grigg and Mr. E. Cook for 
assistance with the experimental work. 

Department of Chemistry, 

University of Queensland, 

Brisbane, 


• Landolt-B6rnstein. Physik, Chem. Tabellen 5. Auflage. I, 73. 

* Gilbault. Z. physik, Chem,, 1897, 24, 385. 



THE FREE RADICALS CH3(CH)3^-.iCH3, 

By W. E. Moffitt and C. A. Coulson. 
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fi 1. Introduction. 

The importance of the free radicals CH2(CH)g„>iCH2 as chain carriers 
in the reactions of certain olefinic compounds has recently been demon¬ 
strated (see, for example, Holland and Gee ^). Accordingly it is of interest 
to know in what part of such a molecule the free valence is most likely 
to be found. In order to solve this problem using quantum mechanics 
it is necessary to be able to define mathematically what is meant by the 
free valence concept—^this definition necessarily depending upon the 
particular approximation or picture of the chemical bond we adopt. To 
this end we shall be guided by the idea of free electron density. 

We shall assume the electronic part of the wave equation for these 
radicals to have been separated in the usual way into equations containing 
the co-ordinates of only the a or ir electrons respectively, and seek ap¬ 
proximate solutions of the latter using first the approximation of perfect 
pairing and then the molecular orbital method. In the latter (LCAO MO*) 
we construct one-electron molecular orbitals from linear combinations of 
atomic orbitals and allot the electrons to these, two at a time in accordance 
with the Pauli exclusion principle; whereas with the former (HLSP •) 
we obtain the complete wave functions for the unsaturation electrons 
from a linear combination of many-electron functions representing the 
elements of sets of independent (canonical) structures. In both we shall 
neglect the overlap of the atomic orbitals and the variation of the exchange 
and resonance integrals a and p with intemuclear separation. 


§2. The HLSP Method. 


We shall illustrate this method first by treating the important case, 
m« 2, in some detail. The canonical set contains five structures 
* 1.5) : 

CH2~.CH«=CH—CH^CH,; CHj^CH—CH—CH==CH,; CH.=aCH-.CH=«CH—CH, 
I I yra) I 


CH,—CH—CH=«CH—CH,; CHj—CH=«CH—CH—CH,; 

I V^(i) tgrtt) I 


and, following Pauling,* the corresponding matrix coefficients 

are readily evaluated. By considering only those solutions with the 
S3nDanietry of the nuclear skeleton (i.e. of the identical representation— 
to which the ground state is known to belong) we may factorise our secular 
equation at the outset by limiting the discussion to those 

(M) 


of the form: 


-f P<*>) + + C(P‘*» -f- P<‘>). 


• Holland and Gee, Trans, Faraday Soc., 1946, 42^ 236, 244. 

• Mulliken, /. Chem, Physics, 1935, 3, 375. 

• Pauling, ibid., 1933, i, 280. 
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It then becomes 

- 8 2-^ — 5 4^-7 
2;r — 5 2Ar — 2 ;r — 4 = o, 

4^-7 ^-4 5^-2 

where ;r = (J 5 ^ — 6)/a, E is the energy and Q, a are the Coulomb and 
exchange integrals respectively. For the ground state, a being negative, 
it is found that 

E = 0 + i* 856 a. 

corresponding to the wave function 

-f I-080 + 0-262 4. 

and a resonance energy 

= 0-856 1 a ]. 

Labelling the molecule as follows 

a h b a 
CHg— 

12345 

we find the orders of the effective bonds, as defined by Penney's rule * 

Pa = — i Si, Si, 

to be = 0-773 and pi, = 0-512 

(plus one, of course, for the aa bond contribution). This corresponds to bond 
lengths of 

1-37 A. and I -41 A. respectively. 

This definition of bond order, referring as it does to a cosine coupling 
of pairs of electronic spins (the relative spin orientation of two electrons), 
is hardly adequate to discuss a quantity such as free valence which evidently 
depends upon the behaviour of an unpaired electron. Accordingly we 
shall take the term ® 

fi 

to define the free bond order at carbon atom i. The factor is 1 when 

the free valence is assigned to carbon i in the structure otherwise 

it is 0. We notice that in this representation—i.e. with this choice of 
independent structures—^the free bond order is necessarily zero at all 
even-indexed carbon atoms. (In other representations, less rationally 
chosen from the point of view of symmetry and chemical intuition, this 
would not be true and our definition of would have to be considerably 
modified to be at all significant). For the other carbon atoms we find 


= 0-323 = ^6* -^8 = 0-353. 

This leads us to the following description of the free valence : it is fairly 
evenly distributed between the end and middle (odd-indexed) carbon 
atoms with a slightly greater probability at C,. 

For the next highest member of the series, namely CH2(CH)5CH2 
with w =: 3, the complete canonical set contains fourteen structures— 
four unexcited eight singly-excited ’P<i*>), 

and two doubly-excited (which we neglect) : 


1234567 

CHg—CH=*CH—CH==(:H—CH=CHj; CH2 ===CH---CH~~CHs«CH--.CH«k:H. ; 


CHa-~CH===CH---.C:H-~CH===CH---C:H2; CHa—Cl I—CH^CH—CH^CII—CH. 
I (!Poo)) I ^(11)^ (^(12)) 


* Penney, Proc. Roy. Soc. A, 1937. * 58 » 306. 

® Pauling, Brockway and Beach, J. Amer. Ghent. Soc., 1935, 57, 2705. 
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In the structures shown abovcv is the mirror image of so that 
the free valence is at Q instead of Q, and similarly for the others. 
Making the approximation of giving all the singly-excited structures the 
same coef&cient in the final we find 
y =:r (yd) + y(a)) + 1-096 (y<#) + + 0*249 + . . . + 

so that 

Xx == 0*242 = X^, X^ = 0*258 = ATj. 

Once more the free valence is fairly equally divided between the odd- 
indexed carbon atoms with a slight preference for Cj and C5. The actual 
free bond order at alternate carbon atoms of the chain is therefore pre¬ 
dominantly determined by the “ normalising ’* condition that the total 
free bond order is unity, i.e. for a chain with 2m -|- i carbon atoms : 

^**+1 ^ r: “ L ^ (/ = o, I, . . w), so that T x^i+i = i. 

§ 3. The LCAO MO Method. 

The yth molecular orbital for a polyene chain of n equivalent atoms is 
expressed in terms of the atomic orbitis = i, 2, . . n) in the form 

= Z 

r 

and it has been shown by Lennard-Jones® and, more particularly, by Coulson^ 
that this leads to an orbital energy of 

2 i<^> =s= Fo + COS " - y {j = I, 2, . . n) 

where Fo, jS are the Coulomb and resonance integrals appropriate to this 
method of treatment. Since ^ is negative, the binding energy of this 
orbital is 

— 2B cos = — 2)3 cos 

We may say that is bonding, non-bonding, or anti-bonding ac¬ 
cording as is greater than, equal to, or less than o respectively. For 
the ground state, we begin by allotting to each bonding orbital its quota 
of two electrons. When n is even, e.g. octatetraene, we see that orbitals 
are all either bonding or anti-bonding, since j cannot assume the non- 

integral value —^— , For these free radicals, however, where w(= 2 w 4 “i) 

is odd, a non-bonding orbital also arises. Thus whereas the process of 

assignment referred to above accounts for all the electrons of the singlet 

ground states for which n is even, there remains one electron which must 
occupy the non-bonding orbital of the (doublet) free radicals. 

The normaUsed coefficients are given by 

so that the bond orders, as defined by Coulson,® viz., 

«) W) ' 

for our first selected example, w = 5, are 

pa = 0.789, = 0*577 

corresponding to bond lengths of 

1*37 A. and 1*405 a. respectively, 
almost exactly those predicted by the HLSP treatment. 

• Lennard-Jones, Pyoc. Roy. Soc. A, 1937, 158, 280. 

’ Coulson, ibid., 1938, 164, 383, ® Coulson, ibid., 1938, 169, 413. 



84 


STARCH-IODINE COMPLEXES 


It *4* i tf 

We notice that in the non-bonding orbital, where j a —X _, mm 

2 2 

This implies that the contribution of this electron to the bond orders 
(5 »= r 4- i) is alwB.ys zero, as we should expect from a truly " nwi- 
bonding '' orbital. The non-bonding electron is therefore safely identified 
with the free valence electron and its density at Cr with the free bond 

2 

order there, whose value is simply —;— or o, according as r is odd or 

It -f- I 

even respectively. When it =; 5 

= ^8 == ^5 « 0 - 333 , o, 

in excellent agreement with our HLSP calculations and providing a 
justification for the assumptions implicit in our choice of representation 
—^namely, that Xi== x^ = o. 

Similarly for it == 7, x^ === x^ = x^ === x^ = 0*25 and in general, com¬ 
pleting the agreement with §2 : 


-^* 1+1 — 


It + I i» 4- I 


(/ = o, I, . . wt). 


§ 4. Conclusion. 

We have shown that definitions of free bond order consistent with 
each other and the idea of free electron density may be given in both the 
HLSP and LCAO MO methods of treating these free radicals. The free 
valence may be said to spend its time almost equally among the odd-indexed 
carbon atoms and not at all on the even-indexed ones. 

One of us (W.E.M.) would like to acknowledge the receipt of a grant 
from the Board of the British Rubber Producers' Research Association. 
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STARCH-IODINE COMPLEXES. PART I. 

By G. a. Gilbert and J. V. R. Marriott. 

Received 2yd October, 1946. 

The coloured complexes between starch and iodine continue to attract 
attention, due to their intrinsic interest and to the help they afford in 
the study of the components of starch. There seems to be as yet no 
certainty as to their exact nature. The very considerable body of early 
work, mostly carried out on whole starch or imperfectly separated com¬ 
ponents, has been surveyed by Barger.^ Although much of it is incon¬ 
clusive, it seems beyond doubt that precipitated complexes from iodine- 
iodide-starch solutions contain an appreciable amount of iodide in addition 
to iodine, and numerous investigators, among them Lottermoser * and 
Murray • who used potentiometric methods, have shown that iodide ions 
also take part in the equilibrium in solution. 

An ingenious theory has been put forward for the amylose-iodine com¬ 
plex. Hanes * perceived that the linear component of starch, when coiled 

1 Barger, Some Applications of Organic Chemistry to Biology and Medicine 
(New York, 1930)- * Ixjttermoser, Z. angew, Chem., 1924, 37, 84, 

•Murray, /. Chem, Soc,, 1923, 137, 1288. 

• Hanes, New Phytol,, 1937, 
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in the form of ^ helix« should be able to accommodate a core of iodine 
molecules^ arranged end-to-en<L wd Freudenberg * in elaborating this 
idea, pointed out that the insade of the amylose helix was hydrocarbon 
in nature, and would function as an organic solvent for iodine. Further 
support has come from an examination of amylose-iodine precipitates 
with X-rays (Bear •), and from the dichroism of flowing amylose-iodine 
solutions (Rundle and Baldwin ’). Perhaps the most important evidence 
comes from the potentiometric titration of amylose with iodine by Bates, 
French and Rundle.® 

Using the potential between a bright platinum wire electrode and a 
calomel half-cell to calculate the equilibrium concentration of uncombined 
iodine, they showed that a sigmoid type of adsorption isotherm was followed 
from which it appeared that the bulk of the iodine of the complex was ad¬ 
sorbed at constant activity, in the manner of a heterogeneous reaction. 
They suggest that this activity is a function of the molecular weight of 
the amylose, since it appears to be lower for samples of higher molecular 
weight; and that the longer helices in a mixture tend to be filled before 
shorter ones adsorb appreciably because the stability of the iodine core 
increases with its length. Much of this work has been reviewed recently 
(Kerr •), A later publication by Baldwin, Bear and Rundle describes 
the fall in maximum iodine content of the helices, from about one mole¬ 
cule of iodine per six glucose units to about one per eight units,when the 
concentration of iodide is increased through a wide range, and the con¬ 
clusion of these authors is that there has been partial replacement of iodine 
by iodide or tri-iodide ions. 

If the iodine activity of a partially filled helix or of a shorter helix 
is indeed greater than that of a filled helix, a ready means is available 
for determining the distribution of chain lengths in a sample of amylose, 
for the amount of iodine adsorbed over any small range of activity will 
then be a measure of the amount of amylose of corresponding chain length. 
This formed one of the reasons for undertaking the present investigation. 

Experimental. 

In the present kind of system, the study of the adsorption isotherm in regions 
of very small percentage adsorption offers most promise, because no correction 
need then be made for any reduction of available sites, and adsorbed molecules 
are less likely to interfere with one another. This requires the manipulation of 
concentrations of total iodine (Ij 4 - 1 %) of the order of lo-"' M. and the measure¬ 
ment of adsorption of the order of lo-’^ mol. Differential methods are clearly 
necessary. 

Two solutions of KI buffered to about pH 6, one containing amylose, were 
therefore joined by a salt bridge, and iodine solution added to each in such 
quantities that the potential between two platinum electrodes immersed in the 
respective solutions remained less than 0*05 mv. The amount of iodine com¬ 
bined with the amylose was given by difference, and losses apart from those 
introduced by impurities in the starch were expected to cancel. The arrangement 
is illustrated in Fig. i. 

The experiments were carried out in weak artificial light in a room kept at 
20®, the cells being in a water thermostat at 20®. Flow between the cells was 
prevented by a closed ground tap rendered conducting by filling the lower part 
of the U-tube of the bridge with saturated KCl solution. The liratw dipping 
into the cells contained the sam® solution as the cells. The bridge was designed 
so that the taps projected out of the thermostat. Vessels smaller than about 
a litre could not be used because the loss of iodine through reaction with, or 

• Freudenburg, NcUurwiss,, 1939, 27, 850. 

• Bear, J. Amer. Ghent, Soc., 1942, 64, 1388. 

’ Rundle and Baldwin, ibid., 1943, 65, 554. 

•Bates, French and Rundle, ibid., 1943, 65, 142. 

• Kerr, Chemistry an 4 . Industry of Starch (Academic Press Ind., New York, 1944). 

Baldwin, Bear and Rundle, J. Amer. Chem. Soc., 1944. m* 



86 STARCH-IODINE COMPLEXES 

adsorption by, the walls then became an appreciable fraction of the iodine con^ 
tent of the solution. Rubber stoppers out of contact of the solution were not 
found to give trouble. The 2^inch platinum wire electrodes were sealed through 
soft glass, and were satisfactory after cleaning with chromic acid, washing and 



Fig. I. —Apparatus for the differential potentiometric titration 
of starch with iodine. 

standing in Klg solution. An electrometer triode (sensitivity i cm. per mv.) 
was used either as a null instrument or for measuring small potentials. During 
titrations it was possible to check the concentration of the starch-free iodine 
solution by adding an increment of standard iodine solution to it, and measuring 
the change in potential produced. 


Theoretical Outline. 

It is well known ® that the development of the blue colour in starch-iodine 
solutions depends strongly on the presence of iodide ions, suggesting that iodide 
ions play more than a subsidiary role in the complex. This is confirmed in the 
present work where it is shown that iodide ions are an integral part of the com¬ 
plex as it is formed in solution, although this does not mean that iodine alone 
will not form a stable complex in the solid state (see Rundle and French 
It win therefore be supposed that helical amylose molecules adsorb iodine and 
iodide to form linear groups of the general type (Arlgyl'). Positive ions would 
not necessarily be adsorbed unless the molecule were contained in an aggregate 
or precipitate, but could be present as gegen-ions around the molecule. 

For very low degrees of saturation of the amylose, the activity of any such 
complex is likely to be directly proportional to its amount per unit quantity of 
amylose, allowing its chemical potential to be written 


- yi-ly + RT\n a . . , . (i) 

where a is the number of mols of complex per gram of amylose, and is 
independent of a but depends upon the temperature. If the chemical potentials 
of the iodide ions and iodine are expressed in the conventional way, and the 
solution is treated as ideal, the corresponding equations in terms of concentra¬ 
tions can be written for the ioiLs and molecules in the solution with which the 
complex is in equilibrium 

f*ii ~ Mr + In I' . . , . • (2) 

and /ii, = -f RT In I3 . . . . (3) 

where I| refers to the concentration of molecular iodine as distinct from I'g. 
(If iodine in the form of i\ as well as the molecular form is intended, the ‘ total' 
iodine wrill be referred to). 

Since 

May = .(4) 

it follows that 


log 

(a) 


= (i/2*3oier)0it5y - - yfif.) 


(5) 


or that (D^^ilO*' = .(6) 

at a given temperature, being an equilibrium constant. At the low degrees 


Rundle and French, J. Amer. Chem. Soc., 1943, 65, 1707. 
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of saturation for which this equation is likely to be valid, the amounts of complexes 
with different values of x and y wonl^ 1>© expected to be governed by similar 
but independent equations, the total of iodine and iodide adsorbed being given by 
summation. 

When only one kind of complex is present, x and y can be determined by 
varying firstly the iodine concentration at constant iodide concentration, and 
then the iodide concentration at constant adsorption. Under the first set of 
conditions. 


^ log I* 


(7) 


from equation (6), and under the second set 


^log ^ _y 

() log V X 


. ( 8 ) 


or expressed in the form of finite changes in which it will be used 


A log I, ^ __y 
A log r x‘ 


(9) 


This simplicity disappears if two or more types of complex arc present, but if 
one type is dominant an approximate value of or y can still be found. 


Determination 


log IJ 


Experiments were carried out in the first place at constant iodide concen¬ 
tration to enable equation (7) to be used to find x. 10 m. KI was chosen be¬ 
cause aggregation of the amjdose^iodine complex is less likely in such dilute 
salt solutions. It was soon found 
that the amylose solutions being 
employed were not rcprfxlucible, 
and that comparative measure¬ 
ments had therefore to be done on 
the same solution, and as nearly 
simultaneously as ]X3ssible. More¬ 
over, the reaction was slow (often 
being apparently complete only 
some 30 min. after any addition of 
iodine), and was succeeded by a 
further very slow change continu¬ 
ing over a period of days. A first 
rough survey of the whole titration 
curve lead to the expected sigmoid 
type of isotherm reproduced in Fig. 

2. The lower part of the curve 
w’as then studied in detail. 

Thymol-precipitated o I a t o 

amylose,^*' or potato starch freed 
from amylopectiii with A^NOg)., 
and (120 mg.) were dis¬ 

persed in 12*5 ml. 0*2 n. NaOH at 
100® for 2 min., neutralised with i6 
ml. I % by vol. H3PO4 and made 



Concentration of total iodine in 
mol. X 10’"^/litre. 

Fig. 2.—^Titration of amylose (3 mg.) wdth 
5‘24 X 10-*^ M. iodine in lo-* M. potas¬ 
sium iodide. 

up to 50 ml, with KI solution to give a solution 10 N. in KI. Of this solution 
25 ml. were added to 800 ml. 10“* n. KI in one of the cells, the final pn being 
approximately 6. An identical solution, but without amylose, was prepared 
for the titration solution. Aftej; bringing both cells to 20® and inserting the 
electrodes and salt bridge^ a solution containing 1*77 x io~* mol. total iodine 
per litre in lo-* N. KI was added in small increments to both cells. Each 
time, after balancing to wdlhin 0-05 mv. (coastant for 5 min.), the next increment 
was added to the titration cell (starch-free solution) and the potential change 
measured to enable the absolute concentration to be calculated. Since more 
iodine solution had to be added to the cell containing starch, the volume in the 
other cell was kept equal by adding the necessary amount of 10 n. KI. 


Hawortbi Peat and Sagrott, Nature, 1946, 157, 19. 
Donnison and Peat (unpublished work). 
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UftttdkUy thete was an initial Iom of about 4 X lo*^* ai6l» of total iodiEe liofa 
the titration cell^ and by inference from the starch solution^ after which littie 

further kies occuned dunnf the 
course of an experiment (shown 
by the correspox&denoe of the 
concentration calculated from 
the potential increments with 
the further amounts added). 
In addition there was usually 
an adsorption of about this 
order in the starch solution^ 
occurring at concentrations of 
iodine below those required for 
the formation of a measurable 
amount of complex, and due to 
impurities in the amylose. This 
quantity could be estimated 
nrom the titration curve, and 
was subtracted for the calcula¬ 
tion of the amount of adsorp¬ 
tion due to complex formation. 
This is clear from Fig. 3 where 
such a curve is shown. 

The plot of log (adsorbed 
iodine) against log (total iodine) 
Concentration of total iodine in is next drawn (Fig. 4), 1*4 

mol. X lo"’/litre. ml. being subtracted from the 

Fig. 3.—Detail of lower part of adsorption measured adsorption to allow 
curve. Titration of amylose (60 mg.) with for impurities. A^rding to 
i‘77 X io~* M. iodine in io“* m. potassium the light absorption (Ilford 
iodide. Gelatine Spectrum Filter No. 

608) of its solution in excess 
iodine and 2 % KI, compared with that of solutions of very highly purified amyl¬ 
ose, the sample used contained about 90 % amylose and about 10 % amylopectin. 
It is seen that an initial 



slope of about 2, corre¬ 
sponding to ^ = 2, 
changes at higher ac¬ 
tivities to 3, and a few 
measurements at still 
higher activities have 
indicated that a further 
increase occurs there. 
Only the part drawn has 
yet been studied closely, 
and covers only the first 
2 % approximately of 
the maximum possible 
adsorption. Many simi¬ 
lar curves have been 
obtained, agreeing in 
shape, but frequently 
displaced vertically, the 
adsorption being re¬ 
duced by retrogradation 
in the solid state or in 
solution, or by incom¬ 
plete dispersion. 

The limits of spread 
of the curve through an 
error of ±0*1 ml. of 



adsorbed iodine, i.e. of potassium iodide. 

4.1*8 X io*“* mol. iodine, , . . 1 1 x 

are shown by vertical lines drawn through the lower points of the log plot. 
Obviously in the region where = 2 the amount of adsorption is too small in 
these ex^riments for much stress to be Imd on the pre^nce o£ wmpleXM 
containing only two molecules of iodine. The region where x — 3 can be 
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established much more exactly. The precise balance i^tween two, three 
four complexes at any point of the however, which must be composite, 

will only be settled if a wide variation of conditions enables at least the lower 
ones to be separately studied. 



Concentration of total iodine in mol. x lo-’/litre. 


Fig. 5.—Titration of araylose (6o mg.) with 1*77 X 10-* m. iodine in 10-* m. 

potassium iodide. 



Fig. 6 . —Plot of log (adsorbed iodine) against log (concentration of total iodine). 
Titration in 10-* M. potassium iodide. 


An experiment was next carried out in 10 n. KI, as shown in Fig. 5. Much 
higher activities of iodine were required to obtain the degree of adso^tion 
found in lo**® n. KI, providing conclusive evidence of the participation of iodide 
ion in the complex. The logarithmic plot in Fig. 6 would be consistent with 
the adsorption of a complex containing three molecules of iodine, and once 
again the curve suggests that initially a complex of two molecules is predominant. 
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STARCH-IODINE COMPLEXES 


Detemlimtioii of y/x. 

Althongh it is possiNe to increase I* while heaping the iodide constant in the 
simple way just described, the requirement for finding yjx, xiamely, an inc^ase 
of the iodide concentration at constant adsorption, is not so easily attained. 
The most satisfactory method is to construct adsorption curves at chosen iodide 
concentrations, and from them to determine the iodine concentration required 
for a given actorption. In practice, owing to the variability of the starch solu¬ 
tions, it is necessary to prepare a single starch solution, measure the iodine con¬ 
centration required at equilibrium for an arbitrary adsorption at one strength 
of KI, and then without loss of time to determine the corresponding equililwium 
iodine concentration for the same amount of adsorption at a second iodide con¬ 
centration. When this experiment was carried out for io“* and lo-* N. KI, 
the following result was obtained. 

In IO-* M. I', 6o mg. amylose adsorbed 6*3 x 10-’ mol. iodine at 20® when 
in equilibrium with ‘ total * iodine of concentration 2*84 x lo-* m. or molecular 
iodine of concentration 2*63 x iO“* M. In 10-* m. I', the same adsorption oc¬ 
curred from a concentration of total iodine 1*04 x lo-* m. or molecular iodine 
5*78 X M. 

The concentration of molecular iodine has been calculated from the total 
iodine using Jones and Kaplan’s^* data for the equilibrium between I, and I's 
at 25°, namely K = ==: 1-4 x lo-*. together with their value for 

the heat of reaction of — 4*22 kcal., which gives K = 1*24 x io“* at 20°. 

Applying equation (9), 

4J281« < - -.^^.+±£ 3 8 .) _ _ ^. 3 _ ^ 

A log I' (— 4-0 -f 3*0) ^ 3-04 

Taking this in conjunction with the previous determination of ;r as about 3 for 
this degree of adsorption, the predominant complex appears to be (31,2!'), the, 
the eight atoms presumably forming a linear molecule which owes its char¬ 
acteristic powers of light absorption, and to some extent its stability, to the 
presence of two unlocalised electrons. 

An alternative procedure can be followed to find xjy, involving the establish¬ 
ment of equilibrium at one concentration of KI, and the subsequent addition 
of KI to both starch solution and titration solution. Since this results in an 
increase in the adsorption of iodine, and no more iodine is added to the solutions, 
a potential difference develops from which the new equilibrium adsorption and 
iodine activity can be calculated. This method has the disadvantage that 
junction potentials are introduced, and that the increase in adsorption has to be 
allowed for before equation (9) can be applied, but is much simpler to carry out 
experimentally. 

It was employed with an amylose solution in 10-* n. KI. The two cells 
w'ere balanced at an activity that gave an adsorption of 24 ml. iodine solution, 
after which small quantities of strong KI solution were added equally to both 
cells, and the equilibrium value of the potential difference produced followed 
as a function of the KI concentration. After each addition there was an im¬ 
mediate increase in potential difference corresponding to increased adsorption, 
which was succeeded by a slow increase continuing for at least an hour. It was 
slower than would correspond to the reaction of iodine at constant iodide con¬ 
centration studied previously, and is thought to be due to a considerably 
increased proportion of iodide being accommodated by the gradual change of 
the complex to one of higher iodide content. 

The result of (a) doubling the iodide concentration, and (b) redoubling was 
as follows. 

{a) Initial adsorption by 60 mg. amylose in lo-* n. I' = 4*25 x 10-^ mol. I*. 

Potential difference when I' increased to 2 x io~® N. = 1*05 mv. after 90 min. 

Increase in adsorj)tion =7 x 10-* mol. I,. 

Initial concentration of total iodine in io~* n. I' =1*02 x io“* m. 

Initial concentration of molecular iodine in 10 n. I' = 5*6 x lo-*’ m. 

Final concentration of total iodine in 2 x io~* n. V = 0-93 x 10m. 

Final concentration of molecular iodine in 2 x 10 

N. I' = 3*6 X 10-’ M. 

Final concentration corrected for increased ad¬ 
sorption assuming the latter proportional to the 


third power of the activity 
Thus from equation (9) — yjx = 


3*4 X 10-’ M. 

— ^ __ — 6*469 -f- 6*252 _ 2*16 2*88 


A log r' 


3.301 - 3*00 


Jones and Kaplan, J. Amer. Chem, Soc,, 1928, 50, 1845. 
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(6) Th« wt^ntial difierence at eqii^itariuin increased by a further 0*85 mv. 
when the iodide was increased toXj:sd*^ n. and A log was found to be 0*24. 


Therefore —y/jr 


^ _ ?:4 _ 4 
A tog 1' 0-30 3 ,5' 


A further increase of iodide concentration to 0*05 n, increased the potential 
difference by several millivolts. 

While small increases in iodide concentration therefore confirm the type 
of complex proposed, they also suggest that the proportion of iodide in the com¬ 
plex increases as the concentration of iodide is increased in solution. While 
systematic experiments have not yet been done with strong iodide solutions, 
it 1^ been found that the complexes become increasingly stable with increase 
of iodide in solution, and since the molecular iodine concentration then falls 
linearly with increase of iodide, it would seem at first sight that y must ultimately 
exceed x. Such a conclusion cannot be drawn, however, until the influence of 
neutral salt on the complex has been studied. The more highly charged the 
complex, the greater the influence to be expected from positive ions, and once 
aggregation has set in, the positive ions must become as important in the 
equilibria as the iodide ion : for example, a complex of the type (IT,K+)^ 
would then of necessity increase in stability (referred to molecular iodine) 
equally with increase of K+ or of V in solution. 


The Influence of Temperature on the Equilibrium. 

When a solution of amylose containing iodine and io-*n. KI was cooled 
below 20® and brought back to 20® the adsorption was found to have increased ; 
npT did it fall to its former value on standing. If, however, the solution was left 
some days before such treatment, or was cooled and warmed to 20® several times, 
the change on cooling became reversible. For the small degrees of adsorption 
considered in this paper, the equilibrium iodine activity required for a given 
adsorption was reduced in this w^ay by about one-third. It was obviously im¬ 
possible to obtain a true temperature coefficient for the system in the state in 
which it was originally formed, so this more stable condition w^as investigated. 

A solution which had been 
standing for some days was cooled 

to about o ° and left to reach equi- Temt> ®c Iodine 

librium. It was then titrated in the ’ ’ mol./litrex io-». 

usual way by connecting it to an- - - 

other cell in the thermostat at o® 

and adding iodine to this second cell 2*71 

until the potential difference was ^*5 3'ho 

nil. This measured the concentra- 4*99 

tion of free iodine in equilibrium ^^*5 bw 

with the starch complex at o®. Next 

the temperature was raised through _ 

some five degrees, and iodine added 
to both cells in equal amount to counterbalance the tendency for a potential 
difference to develop through desorption of the iodine from the complex. Since 
equal additions of iodine were made to both solutions, and the potential difference 
remained zero, no change in the amount of adsorption could have occurred referred 
to the adsorption at o®, for the adsorption is equal to the difference in the net 
amounts added to the respective cells, and this had not changed. The new value 
of the equilibrium iodine activity was therefore known from the iodine content of 
the starch-free solution, for the original amount of complex, and the information 
necessary for the determination of the heat of formation of the complex had 
been obtained. The operation was repeated at temperature intervals of a few 
degrees until 20® was reached. The J^t reading at 20° in the table below was 
obtained by titration after th<!f solution had stood overnight. At each tem¬ 
perature the concentration of dissolved molecular iodine was calculated using 
the data of Jones and Kaplan for the tri-iodide equilibrium. 

From equation (6) and the general thermodynamic relation between the 
variation of an equilibrium constant with temperature and the corresponding 
heat of reaction, the heat of formation of the complex is given by 
AH /^logH«,\ _ 

51^"“ V \ hilTj, 

since a is constant throughout, and V is in too large an excess in solution to 
vary with Ig appreciably. ^ 


Molecular Iodine 
mol./litrex lo-^. 


1*20 

l*7t> 

2*57 

3*20 

3-81 
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According to the plot of log (molecular iodine) against the reciprocal of the 
absolute temperature in Fig. 7, 


/MogIjN _ 

[ ^ ilT J, ^ 


2*45 X io» 


giving the heat of reaction per mol. of iodine adsorbed as — ii’2 kcal., i.e., 
yl' + xlf = (xl^V), AH = X , 11*2 kcal.. 


in the presence of starch complex of the given composition (in this case about 
1*06 X 10mol. 1 2 per 60 mg. amylose). 



Fig. 7.—Dependence on temperature of equilibrium constant of amylose- 

iodine complex. 

Discussion. 

From the evidence found above it seems difficult to avoid the con¬ 
clusion that at very low percentage adsorption and low iodide concentra¬ 
tion, the amylose complex is composed mostly of groups of the type 
(3l82l'), each probably a linear resonating molecule. At higher iodide 
concentrations the ratio of iodide ions to iodine molecules increases until 
it is at least equal to one. This change is accompanied by the appear¬ 
ance of a slightly purple tinge in the blue of the complex. Confirmation 
of the presence of iodide in the precipitated complex was obtained by 
analysing the residual solution after the precipitation of amylose from 
0-02 N. KI solution with excess iodine, and in two experiments ratios of 
0*97 ; I and 1-07 : i were found respectively for iodine molecules to iodide 
ions in the complex, agreeing in general with past workers.^ 

Since the pure blue of the amylose complex was found to be well 
developed when the ion {31,2!') or (Ig") was predominant, it is logical 
to suppose that the forms of starch or degraded starch which produce 
red and purple complexes are unable to stabilise a chain of iodine atoms 
of such length. Iodine titration by the methods described above may 
therefore reveal the predominance in such starches of complexes of less 
than eight atoms, and the determination of x and y may enable an estimate 
to be made of the maximum length of the sections of their molecules free 
to coil into helices. 

Because of the extreme smallness of the quantity of complex con¬ 
taining only two molecules of iodine that formed at activities low enough 
to make the amount of the (3I82I') complex negligible, the colour of this 
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complex has not yet been observed. Nor has its composition yet been 
determined, but it seems most Uke^ to be (2l,I') or (I*') from the very 
approximate data available for the snift of the log a/log I, curves between 
io“* and lo”"* n. I' at the appropriate value of a. 

An exact study of the higher complexes formed at higher degrees of 
saturation of the amylose (and also probably on long standing from the 
smaller complexes initially present at low saturation), is much more 
difficult because of the increased sensitivity to experimental error. A 
method which suggests itself for such determinations is the measurement 
of the potential between two cells containing samples of the same starch- 
iodine complex, to one of which a further increment of iodine has been 
added. The small potential change due to this increment would then 
be directly measured, while the absolute iodine activity could be found 
easily by titrating either cell. This method might also throw some light 
on the slow processes occurring during the ageing of the complex ; thus 
if larger complexes were gradually forming this potential difference should 
decrease considerably with time. 

Mention should be made of an experiment carried out in the course 
of the investigation above. In order to determine whether the amount of 
complex formed at a given iodine activity was accurately proportional 
to the amount of starch present (as should be the case if the helical theory 
is correct, and the association of two or more molecules of starch is not 
necessary for complex formation), a starch-iodine solution and the titra¬ 
tion solution with which it w'as in equilibrium were partly exchanged. 
A quarter of the starch was then in one cell and three-quarters in the 
other, giving a concentration ratio of i to 3. No potential difference 
developed, and both solutions continued to have the same activity. This 
was consistent with amylose being involved only to the first power. 

We are indebted to Prof. W. N. Haworth, F.R.S., for his en¬ 
couragement and interest in this work, and to Dr. S. Peat and numerous 
colleagues for discussions and help. One of us (J. V. R. M.) wishes to 
acknowledge financial support from Messrs. Imperial Chemical Industries 
Ltd. (Dye.stuffs Division). 


Summary. 

A method has been devised for the accurate potcntiometric titration of starch 
with iodine, and used to investigate the nature of the complex formed between 
amylose and iodine in dilute potassium iodide solution. When the activities 
of iodine and iodide lie between certain limits and the percentage adsorption is 
very low, amylose is found to be associated with a molecular ion of composition 
(Ig') formed by the adsorption of three iodine molecules and two iodide ions. 
In general, for a given iodide concentration the number of iodine molecules in 
the complex increases from two to three, four, etc., wdth increase of iodine 
activity; if the iodide concentration is increased the complex tends to (I'j),!. 
As first formed the amylose-iodine complex is metastable, a very slow change 
subsequently taking place to a more stable form. By measuring the dependence 
on temperature of the equilibrium constant of the latter, its formation from iodide 
ions and molecular dissolved iodine is shown to be accompanied by the emission 
of H'2 kcal. per mol. of iodine. It is suggested that the complexes formed by 
red-staining starches contain less than eight atoms of iodine and iodide per 
molecule. ^ 

Department of Chemistry, 

The University, 

Birmingham, 15. 



94 


REVIEWS OF BOOKS 

REVIEWS OF BOOKS. 

Strategic Minerals. By J. B. Ds Mills. (McGraw'-Hill Book Co.» 

London, 1947.) Pp. viii + 6a6. Price 37s. 6d. 

International economists are rightly concerned with the repercussions 
of the war upon the rational developmeht of the metallurgical and mineral 
industries; they recognise, in principle, the normal need for equal access 
to the world’s minerals by all peaceful nations and also the exceptional 
need of certain countries for maintaining supplies of strategic minerals 
for essential uses in a war emergency; but the immediate problem they 
have to face is the reconversion of these industries, which have undergone 
an abnormal expansion during the past ten years, to a peace-time footing, 
without widespread suspension of their operations and without undue 
dislocation of world markets. 

The United States and the British Commonwealth, as the largest 
producers and exporters of minerals and mineral products, have a par¬ 
ticular interest in finding a solution to this problem and in evolving a 
common policy which shall govern longer term developments. It is 
generally agreed that one of the first tasks to be undertaken should be 
a comprehensive survey and inventory of the world’s mineral resources; 
for, not only is there a possibility of the imminent exhaustion of known 
rich deposits of certain important minerals, but recent discoveries, arising 
from wartime research, have created urgent demands for minerals which 
have hitherto been regarded as of little industrial value. 

In the book under review, Mr, De Mille outlines the American point 
of view. The United States Government ha.s attempted to facilitate 
reconversion by authorising the building up, over a period of years, from 
surpluses, of permanent stock piles of strategic materials, and also by 
sponsoring developments designed to discover new outlets for its vastly 
expanded metal industries. In order to illustrate the magnitude of the 
task involved, the author has selected some 76 metals and minerals which, 
during the recent war, were defined as of strategic importance, and has 
given a comprehensive survey of their properties, uses, sources of supply 
and output; he also includes statistics of the import and export markets 
during the period 1939-45. 

The treatment of such a wide range of materials has necessarily to be 
brief and incomplete ; and, in view of present world economic conditions, 
it is doubtful if the statistics on production and prices, relating to the 
war period, have to-day much practical significance. Nor can the results 
of American policy yet be assessed. The book contains, however, numerous 
selected references which should enable the reader adequately to revise 
and to supplement the information given in particular cases. 

The author points out that the United States Government has, through 
the operation of Mineral Missions set up during the war, done much 
towards completing a survey and inventory of minerals at home and in 
the neighbouring South American countries. It is not clear that the 
Commonwealth Governments have been equally active. Canada certainly 
realises that its future prosperity is bound up with efficient and productive 
mining and metallurgy; and the Government is prepared to maintain 
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mining over a period of 3^rs at capacity, provided the export 

market can be sufficiently stin^hiUSKi, In Australia and Africa, con¬ 
ditions are not so favourable to a ra|Hd growth of these industries, although 
^ere is little doubt but that extensive mineral resources exist and will 
eventually constitute an important part of their economy. 

It is to be regretted that no-one has yet thought it worth while to pre¬ 
pare a review similar to that of Mr. Pe Mille based upon Empire require¬ 
ments. 

D. M. N. 

Advances in Enzymology and Related Subjects of Biochemistry. Vol. VII, 
Ed. by F. F. Nord. (Interscience Publishers, Inc., New York and 
London. 1947.) Pp- Price 52s. 6d. 

This, the latest volume of a well-known series of “ recent advances 
books, which have been such a notable feature of scientific publishing 
on the other side of the Atlantic in recent years, will need little recom¬ 
mendation to biochemists. A glance at its list of contents shows how 
widely the term “ enzymology is interpreted. The subjects of the articles 
cover a very wide range of vital phenomena, all involving enzymes more 
or less intimately, as is to be expected, if, as Seifriz suggests in his article, 
protoplasm in the last analysis is an enzymic complex. 

But this volume will also serve to illustrate the many-sided connections 
between physical chemistry and the biochemical field, and may perhaps 
encourage many more physical chemists to cast away their moorings to 
the friendly shores to which they have been so long accustomed, and set 
sail on the wide and uncharted seas of vital structures. 

It begins with an article by C. S. Brooks on “ Permeability and Enzyme 
Reactions in which the role of diffusion in single enzyme reactions and 
in the working of the whole cell, are discussed. This is followed by an 
article by William Seifriz on the properties of protoplasm. A summary 
of the author’s well-known point of view, it covers briefly such general 
properties of protoplasm as viscosity, elasticity, permeability, the origin 
and nature of electric potentials, effects of radiation and drugs. It is 
obvious that less than thirty pages are not enough to do iqore than skim 
the surface of such a formidable topic ; yet Seifriz manages to say a great 
many interesting and stimulating things. In most of the matters he 
raises, our ignorance is a great deal more conspicuous than our knowledge 
and the essay as a whole could well be taken as a programme for bio¬ 
physical research in the immediate future. Practically every point he 
mentions suggests and calls for further experiment and I can only give 
a few quotations to illustrate the challenge. “ The amount of research 
done on electrical forces in organisms, especially in nerve conduction, is 
rather great, but many question^ remain, one of which is the chemical 
nature of the substance primarily responsible for tissue potentials.” 
” Because we pick up some of the free energy by means of platinum 
electrodes and this produces an electric current which can be measured, 
it is not implied that an electric current is produced in the system.” ” I 
have regarded spirality as a property common to all living matter. To 
what extent spirality in animate nature is to be attributed to the asym¬ 
metry of cr5rstal8, the asymmetry of the carbon atom or helical organic 
molecules, is a matter of conjecture, but the spirality itself cannot be 
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doubted.'* ** The only sensible way to view Gurwitsch's hypotbesif 
(mitogenetic rays) is to consider it as a suggestion and ignoxe bis expeii* 
malts/* The writer may perhaps be parmitted to wonder it there may 
not be xianger in putting emphasis on the properties of protoplasm as a whole; 
possibly more progress will be made by isolating the constituents and 
discovering their properties separately beiore attempting a S3mthe8&. 

Patrick D. Ritchie gives a comprehensive discussion of the pomible 
and realised methods of as3rmmetric synthesis and discusses how asym* 
metric compounds arose in nature. Was it due to a ph3rsical directing 
agency such as circularly<polarised light, or a slight statistical fluctuation 
which organisms made use of ? G. Hevesy gives a long account of a new 
method, of which very much more will be heard in the near future, the 
application of radioactive indicators to And how quickly particular com¬ 
pounds are incorporated into structures present in living organisms. 
It is obvious that much will be learnt about metabolic routes and pro¬ 
cesses by this powerful method; but Hevesy's paper will also serve as 
a corrective to those who find in the tracer method a universal panacea 
for the solution of biochemical problems. While it exposes the great 
complexity of the dynamic state of the organism, its function may be 
more to indicate what the problems are, leaving the solution perhaps 
for other methods. 

Frank H. Johnson summarises the Princeton work on bacterial lumin¬ 
escence. It has been shown that the light is produced by the action of 
an enzyme luciferase on a fairly simple, heat-stable substance, luciferin, 
which has not been identified so far. The work reported on by Johnson 
is mainly (i) the spectroscopic character of the emitted light, (2) the 
effects of temperature, pressure and certain narcotics and other eiiz3rma| 
inhibiting substances on the emission. The system is peculiarly suited 
to physico-chemical investigation on account of the light emission in 
the reaction (luminescence visible to a dark-adapted eye can be obtained 
from luciferin at dilutions of i in 4 x 10^®). 

Two articles follow, by H. Theorell and by S, Granick and H. Gilder 
on the heme proteins of which haemoglobin is the best-known example. 
They all contain one or more atoms of iron per molecule, each of which 
is embedded in the centre of a porphyrin molecule. It is a remarkable 
fact that haemoglobin can take up oxygen reversibly without effecting 
the oxidation of ferrous to ferric iron. Theorell shows how magnetic 
moments have been used to determine the state of iron in the different 
compounds of haemoglobin and to interpret their dissociation constants. 

The remaining articles axe more biological in nature and need only 
a brief mention here. H. Mcllwain discusses the interrelations between 
growth and metabolism of vitamin-like substances of micro-organisms. 
He adduces facts about the astonishing chemical powers of micro¬ 
organisms, which ph3rsical chemists might ponder on. Streptococci can 
produce their own weight of lactic acid (from glucose) in half an hour. 
Nevertheless it is possible that some of the enzyme systems bringing about 
changes arc present only to the extent of a few molecules to each bacterial 
cell. Other articles deal with anti-biotic substances, with kidney enzymes, 
such as renin, which is an agent giving rise to high blood pressure, and 
with recent advances in industrial fermentation. The price is rather high 
even for a well-produced volume of over 600 pages.—J. A. V. B. 
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The conversion of KCl to KtS04 in aqueous solutions with the aid of 
the intermediate formation of K^SO^—CaS04 double salts has attracted 
considerable attention from the technical point of view. As a result 
of some research which we carried out on behalf of Palestine Potash Ltd.» 
the thermodynamic outlines of this process are briefly described. This 
description will give some idea of the theoretical extent of this conversion, 
its dependence on temperature and, in particular, its dependence on the 
choice of the form of calcium sulphate, the importance of which does not 
seem to have been sufficiently appreciated. 

L Theoretical Relationshipa. 

The various kinds of conversion in its flrst stage, namely that leading 
to the formation of double salts, may be expressed in the following 
equation : 

2KCI + (g + i)(CaS04. pHfi)(s) =» K*S04 . . H,0{5) 

-f CaCl, -f (Pig + i) 

(g ^ 1, potassium calciumdisulphate, or syngenite ( 5 ); g ^ 5, potassium 
p^tacalciumhexasulphate or pentasalt (P ); p ^ 2, gypsum (C); 
^ J, hemihydrate (H ); = o, anhydrite (-^)). 

According to the existing literature, the two last-named forms include 
a range of variants which are, perhaps, entirely zeolitic and which have 
been critically examined and discuss^ from a thermodynamic point of 
view by Kelley, Southwl and Anderson.^ Although, quoting the authors, 
it is not at present possible to give ** an entirely satisfactory thermodynamic 
portrayal of all the ramifications of the system CaS04—H*0" we accept 
their conclusions in this paper and distinguish three hemihydrate variants 
(a, «♦, fi) and three anhydrite variants (sol a, sol p and the insoluble form 
A (without further notation)). For although their thermod3rnamic in¬ 
dividuality and the possibility of their exact reproducibility are not 
established facts, thb existence of calcium sulphates of approximately 
the same chemical composition, though of different energy content, is 
hardly doubted, and methods are available for their preparation, although 
with no certainty of obtaining an exactly defined product. This circum¬ 
stance means that the success of the KCl—K,S04 conversion will to a large 
extend depend on the choice and treatment of the calcium sulphate. This 

The second stage of the decomposition of the double salt, possibly 
pn^eeding in steps, can be conducted in such a way that it leads to quantitative 
splitting ofl of the KgS04-component ; the conditions for this can be read from 
the well-known phase diagram. 

The double salt KtS04.aCaS04 is not taken into consideration; see 
also Bredig s 

^ Kelley, Southard and Anderson, U.S, DepL Interior, But. Mines, Tet^. 
Paper, 1941, 625 ; see klso Southard, Ind. Eng. Chem., X940, 32, 442. 

• Bredig. /. Physic. Ckem., 1942. 46, 747. 
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Will be shown in the following on the bnsis of the calpnlations of Kdley 
and his collaborators; in any case these indicate the apptxiximate ainoont 
of ftee energy taken up by the solid CaSO^—^H ,0 system under various 
conditions. It is, of course, important that the reacting CaS04*fonn does 
not completely lose its metastability during the conversion, and this can 
be attained under suitable conditions. 

I^t the letters p and q denote as right-hand indices the various forms 
of CaS04 and as left-hand indices the coexistence of the latter, singly or 
two together, with the respective solutions; and let ffi and / denote 
the activities, molalities and activity coefficients of the dissolved salts, 
and the activity of the water component, then we have 

= jp(^C*804/ca804®J) =* p,«(^Ca804^804'/caS04O» 

^ 804 *' = ^Ca 804 ^K |804 

= f( 4 ^»*lt 804 ^C^ 804 ^ 04 '/iiB 04 -/Sis 04 ®») 

The product 


where 

and 


S,*(4^»K*804^”804*/k^04) P*^^h ^ 

p 

can be regarded as the activity of the *' solid KjSO* component *' of the 
^-double salt in presence of the />-sulphate ; its value is, however, variable 
with the water vapour pressure. 

After reaction with KCl according to the above equation we have for 
the activities of CaSOi and K,S04 in the solution (index : 

Jii(^^"*^ 04 '/^S 04 ) ** 

Pff^V 

• 

V 

where 


met,- = |».f{wca 804 + WCaaJ == 




WK- = jM{^KCl + 2WK^J « «£• 


UK* and nca» are the number of g.-equ. of potassium and calcium salt in 
looo g. water after equihbrium is established : 

Although the factor can be of considerable influence under certain 
conditions, it may be put equal to i in the following; to denote this the 
asterisk on a will be omitted. The condition of equilibrium is then 

3 l 

*«0»~ 

( /c«BO. \ 


K{p.q).* 


wbae 


- 


p,t^t 

2 a. 


In a solution coexisting with ^-sulphate let the initial concentration 
(g.-equ. in looo g. water) of KCl, CaCl,<«) and CaS04 be b, c and s, and 

<•> For the sake of generality wc assume the presence of the product of 
reaction. 
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krt # md y (in the same imits) be the amoants reacting according to the 
two iunnltaneous partial reacticms 

alt* + ;^-sulphate g^nble salt + Ca** ... a? 

Ca- + SO/' i!>-CaS04 . . . y 
then the coimntrations at equilibriiiin will be 

91£. «B 6 ~ iT 

no»- «<;4-ar + s- y 
aso** « s — y 

and the conditions for equilibrium 

v>-x)y J. 


c + x ^s-y 
(c + x + s-y)i 


= K(p.q) 


at the ionic strength 


■fotso. 


f> +\c + 2{5 -y). 


The evaluation of these equations is rather lengthy, especially as, in 
view of the dependence of/ and 4 on concentration, it can only be carried 
out by successive approximation. In as far as ngo/ ~ s — y < x, 
an easier method of c^culation consists in substituting for this a value 
9 which can be roughly estimated. Then 

and if » o, ^ o, the yield ly of double salt or of potassium sulphate 
expre»»ed as a percentage of the KCl added 




K{p.q) 

2b 


MJi 


4 b 

K{p.g). 


■)-•) 


at the ionic strength 




If at the end of the reaction the KCl content is restored to its original 
strength and this operation is repeated n times, then 

I _ +1) -1). 

It will be seen that the yield of potassium sulphate increases as the 
value of K{p,q) decreases, that is to say, on the whole, the more soluble 
the form of C^S04 and/or the more insoluble the double salt. 


II. Activity Coefficients. 

I. CaS04.—In as far as the Surplus free energy of the various CdSO^ 
forms, as opposed to gypsum, are expressed in K^ey's values AF(p — G) 

XT In only knowledge required for the numerical evalu¬ 

ation of the ^activities is of the activity co^cients of CaS04 in the range 
of the solubmty of gypsum, that is, between and, say, 80®, in the range 
of about 0‘0I3 S •n, $ 0^016. These data are not aviulable at present, 
but the activity coefficients of the nearest sulphate of the same type, 

the above-mentioiied simplification. 

See loottiote (u). 

See the introductory remarks. 
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li(gS 04 , may be assumed to be identical with those of CaSO^ in the range 
under consideration.^** 

With regard to the dependence on temperature 

tiie relative partial molal heat content of MgS04 m) is known,<** 

but not its temperature coefficient. This uncertainty is, however, as 
shown in Table 1 of little importance over a wide range of temperature. 


TABLE I.—Activity Coefficients ^g04 (=F/c»804)•^^^ **> 


^C2»S04 

0*010 

0-015 

0*020 

**H3 s 804 

0*010 

0015 

0*020 

7^98* 

1-2 

+739 

+817 

-4-872 

7*298* 

X-2 

■f 739 

•4-817 

4-872 


+ 47-5 

+ 54 

+ 59 

t,C. 

+47-5 

+ 54 

4-59 

o'* 

<>•475 

0-421 

0-378 “ 

40^ 

0-449 

0-396 

0-356 


(i-oo) 

(1-00) 

(I-00) 


(»-03) 

(1-04) 

(»-05) 

10° 

0-478 

0-425 

0-384 

50® 

0-431 

0-378 

0-338 


(1-03) 

{1-04) 

(1-05) 


(I-OI) 

(I-Ol) 

(I-OI) 

20® 

0-475 

0-421 

0-380 

60“ 

0-410 

0-357 

0-316 


(1-05) 

(1-05) 

(1-06) 

80® 

{0-98) 

(0-97) 

(0-97) 

25" 

0-470 

0-417 

0-375 

0-363 

0-312 

0*272 


(1-05 

(1-05) 

(i*o6) 


(0-89 

(0-88) 

(0*86) 

30° 

0*464 

0-411 

0*370 






(1-95) 

(105) 

(106) 






♦ cal./mol. 


♦♦ cal./mol./deg. 


<**See Lewis and Randall; ’ the calculation carried out there applies also 
to the more exact values of which have since been obtained. 

•Lewis and Randall, Thermodynamics (McGraw-Hill, 1923), p. 376. 

«**That of CaS04 too.* The value AC^,(CaS04, m = 0'Oi5) (25®)* (see 
footnote (i)) does not seem to be fuUy ascertained according to more recent 
literature.* 

•Lange and Streeck, Z. physik, Chem, A, 1931, 157, 1 ; see also Lange and 
Monheim, ibid,, 1930, 150, 349 ; Flake, ibid., 1932, 162, 257 ; Robinson and 
Wallace, J, Amer. Chem. Soc., 1941, 63, 1582. 

• Rossini, C/.S. Bur. Stand., J, Res., 1930, 4, 313; R.P. 151, 

•LaMerand Cowperthwaite,/. Amer. Chem. Soc., 1933, 55, 1004 ; Gucker, 
Chem. Rev., 1933* I 3 f Lange and Streeck, loc. cit. 

The range in which the heat capacity of Mg^O^ solutions has been measured 
tip to now,’ is not sufficient to permit the extrapolation to w sss o. Wo believe 
that we shall approach the truth most closely by substituting for (MgS04, 
(=sCpi(m) — C|,,(o)) (though to some extent by means of extrapolation) the 
values which are derived from the determination on ZnS04, 
electrolytes of the 2 —2 type of which the ACji|>tcrm has been ascertained; • 
the auffiors point out the analogies in the thermal behaviour of ZnSQi* a^ 
CaS04-solutions. See also Dunkelberger and Robinson,* measurements on 
CaS04 ; the values of AC|>, in the same range of concentration are between 31 
and 36, To elucidate the uncertainty which this causes, the relationship between 
the values thus obtained and those which would be obtained without regard 
to the dependence on temperature has been added in brackets to Table I. %is 
uncertainty vanishes, of course, in as far as the data are given relative to the 
activity of gypsum. 

’Drucker, Ark. Kern. Min. Geol. A., 1934, H, No. xa; Perreu, Com^, 
tend., i 935 » 237 ; D'Ans and Tollert, Z. EUkirochem., 1937, 43» 81, 

•Dunkelberger and Robinson, J, Amer. Chem. Soc,, 1938, 60, 1301. 
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GaSOi in KsSO« SoliitUm#«^A8 cw be seen from the conditioiis 
established by Hill for the coexistence of CaSOt — KaS 04 solutions 
with gypsum and anhydrite along the isotherms loo*^ and 6o^, the ex¬ 
pressions 

(/caS04)o<»o * ** (♦wcasoi^sor)^* =* 

AFjA^Q) <«) 

(/CiSO*)^®® * = (»»cwo«»«bo«*) 7* • lO ***** 

TABLE II. 


lOO*. 



1 ^CaSO*' 

1 

' 

•1 

t/cmSOjil 

G. 

A . 

G . 

A , 


0 %. 1 

4 - 


— 

0*0123 

_ 

0*049 

81*2 i 


0*0150 

— 

0*0100 

— 

0*085 

f > y 3 ' 

— 

— 

0*0258 

— 

0*00377 

0*092 

— 

51-8 

— 

0*0422 

— 

0*00348 

0*141 

— 

47*2 

0*0436 

— 

0*0099 

— 

0*177 

42*8 

— 

0*0633 


0*0101 

— 

0*230 i 

36-6 

— 

o*o8Si 


0*0105 

— 

0*306 i 

31-2 

{ — 

— 


— 

0*00382 

0-354 I 

1 

25-7 

0*118 


o*our 

— 

0-398 ! 

26*5 


— 

0*174 1 

— 

0*00418 

0-539 

— 

20*2 

0*175 

— 

0*0123 

— 

0-574 

20*7 1 

— 


0*271 

— 

0*00460 

0*831 

— 

15*3 

0*272 

— 

0*0142 

— 

0*873 

15-7 

— 


0-333 

— 

0*00521 1 

1*020 

- ! 

13-1 

0*322 

— 

0*0154 

— 

1*028 

13-9 

— 

0*326 

— 

0*0155 

— 

1*040 

13-8 

— 

o*33t» 

— 

0*0156 

— 

1*070 

13-5 

— 

— 

0*402 

— 

0*00558 

1*228 

— 

11*5 

— 

0-455 

— 

0*00666 

1*392 

— 

9*9 

— 

0*508 

— 

0*00689 

1-552 

— 

9*2 

— 

0*529 

— 

0*00635 

1*612 

— 

9*4 

i 

0*534 ! 

1 1 

I 

0*00683 

1*629 j 


9-1 


6o*. 




0*0148 

_ 

0*059 

67*2 


0*0299 

— 

0*0114 

— 

«-i 35 

46*0 

— 

— 

0*0585 

— 

0*00750 

0*205 

— 

36*2 

0*0722 

— 

O-OIIO 

— 

0*261 

34-1 

— 

0*0960 

— 

0*0112 

— 

0*332 

28*7 

— 

0*1082 

— 

0*0113 

— 

0*370 

27*1 

— 

— 

0*1178 

— 

0*00805 

0-385 

— 

25*3 

0-1438 

— 

0*0117 

— 

0-478 

23*2 


— 

0*178 

— 

0*00840 

0-568 

— 

20*4 


o*ai2 

— 

0*00872 

0*671 

— 

i8*3 

0*2140 

— 

0*0129 

— 

0-694 

18*4 

— 

— 

0*246 

— 

0*0089 

0-774 


16*9 

0*267 

— 

0*0X36 

— 

0-855 

i6*2 

— 


0*187 

— 

0*0092 

0-8^ 

— 

23-4 


0*324 


0*0094 

1*010 


14*4 


See following page for footnotes. 
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plotted the ionic strength pcoduoe fnmctically the same tnrve 

(Table II, ccd. 6^ 7 and 13, 14) independent of the CaSO« content, althoni^ 
this latter varies considerably with Ibe farm of solid caldum sulphate. 
The activity coefficient of CaSO* in K«S04 solutions is, therefore, i^timiSy 
a function of the ionic strength * onfy and it is not likely to be in serious 
error if we assume that this is generally true, that is to say, also for 
KtS04 solutions not saturated wi& respect to 

3 . K,S04. —^The situation for K4SO4 is more favourable than in the 
case of CaS04. The heats of dilution can be obtained from the exact 
measurements (23^) of the heats of solution of KtS04(5) by Mischenko 
and Pronina and from these the relative partial molal heat contents 
Z|®®(K|S04, m) can be calculated by methods that are well known; its 

temperature coefficients ACpii(KtS04, m) <*> is availaUe from the paper 
by Randall and Rossini.^* From these data the activity coeffici^t of 
K1SO4 can be calculated (Table III) over a wide range of concentration 

TABLE III.—Activity Coefficients 


^K,S04 

o-io 

0*20 

0*30 

0*40 

0*50 

0*60 

0*70 

j^298** 

-f 211 

+ 62 

- 64 

- 334 

— 610 

~ 650 

~ 866 


+ J9-0 

+ 28*8 

+ 3b*o 

+ 42’0 

+ 47-2 

+ 52*0 

+ 56-0 

0^ 

0*441 

0-353 

0*307 

0*275 

0*247 

0*225 

0*209 

25" 

0*448 

0*364 

0*321 

0*292 

0*268 

0*249 

0*237 

40® 

0-436 

0*358 

0*318 

0*292 

0*271 

0*254 

0*241 

60^ 

0*422 

0*342 

0*305 

0*281 

0*263 

0*247 

0*236 

100® 

0*381 

0*305 

0*266 

0*241 

0*223 

0*207 

0*200 


* Some of the figures are smoothed in the third decimal. 

cal./mol. 
f cal./mol./deg. 


Calculated from the freezing points data.* 

• Int, Crit. Tab. IV, p. 237. 

«>See also Federoff;^® Robinson and Jones.” 

^•Federog, Ann. Ckim., 1941, 16, 154. 

” Robinson and Jones. J. Amer. Chem. Soc., 1936, 58, 959. 

” Redlich and Rosenfeld, PAysf^.-c^m. Tabellen (J. Springer, 1931), Erg. 
Band. 11. 

” Hill, J. Amer. Chem. Soc., 1934, 56,1071. 

can, though not in the classic sense, be regarded as the " solubility 
product of gypsum at the ionic strength fi. 

= 2-30 . 

Since the solubility of gypsum in K,S04-8olution3 is also known for 
another range of temperature,** can be ascertained for a given ionic strength 
over a considerable range. 

w D'Ans and Schreiner, Z. anorg. Chem., 1909, 63, 129 ; D*Ans, Die Ldsungs- 
gleichgewickte der Systeme der Salee ouanischer SaUablagerungen, Verlagsges. 
f. Ackerbau m,b.H., 1933; a comprehensive review of the literature is given hem. 

w Mischenko and Pronina, J. Obschey Khmii, Khimicheshv SeriyaA, 1936,6 
(I), 85. See also RUmelin, Z. physik. Chem., 1907. 58, 449; 'Plake. loc. cit. ; Cohen 
and Kooy, Z. phjfsik. Chem. A, 192S, 139, 273; Shibata, Oda and Funikawa, 
/. Sci. Hiroshima Unw., 1933, 3, 227. 

See footnote 
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and ^mperature,<*'> starting on ihe one hand from /^04 obtidned from 
A^aestng'point measurements,^^ on the other hand from measured 

by the isopiestic method. * 

III; The Oonstiuite of the Eqoillbrlum between the Double 
Sulphates and their Solutions. 

Tables IV and V contain the constants of the equilibrium between 
the double sulphates and their saturated solutions, in the form of the 
activities of their ** solid KtS04 component *’ in coexistence with gypsum(s), 
s*(S,G) and a,(P.G): 

Sjt(S,G) = 5,(?(4^|:,S04^804 '/kiS 0*^ 

AF(it ~ O ) 

*= 5.J:{4^K,804^®0«*/I:iS04) * 

8(4^K*804^C»804w|q^^/J^q^) . ^ (m) 

a^(P,G) ass P,<7(4^K4804^®Oi'/Kgg04) 

5 AF(A - g ) 

=» P,il(4»«|:*S0**”804"/Ki804) • 

= PorPp,5(4*«|:,804^C»804^804"/K,B04) * 

Again the left-hand indices show which solid sulphates were present 
in the investigations on which these calculations are based. 

AQ(fi) is the solubility product " of gypsum in K,S04 solutions of 
the same temperature and the same ionic strength ft as that of the co¬ 
existing solution. It will be seen from the series of the isothermal 
determinations that shows marked constancy over a wide range of con¬ 
centration, expecially if one considers the various methods of calculation.^**’ 

R*T log a*(S, G ; P, G) is the free energy of formation <•’) of the double 
sulphates( 5 ) from gypsum and KtS04 dissolved to its standard state (°), 

is the heat of solution (heat of decomposition) of the double 

Randall and Rossini, J. Atmt. Chem. Soc., 1929, 51, 323. 

See also Federoff ’®; Flake 

*•> Robinson and Wilson easily corrected, ykfSOi (o® ; w o-io) = 0*441 
instead of 0*448. 

Rcdlich and Rosenfeld, see Erg. Band, II and III. 

<*'* According to these values we obtain (25®) 

a(K,S04(s)) 4*0 X 690* X 0*237 =* I75 X 10-* 

and for the free energy of formation of KjS04 (^) K,S04 dissolved to its 

standard state, —2400 cal. This gives with 

AJ!jjg(K*) = - 67,630. Aisf^CSO,") = 176.500 cal.* 

AFj,g(K,S04 (s)) = — 314,160 cal. 

(Kelley,** 314,600 ; Shibala, Oda and Furukawa,'* 313,532). 

*• Robinson and Wilson, J. Amer. Chem. See., 1941, 63 « ion. 

** Kelley, U.S. Dept. Bur. Mtn., 1937, 406; Moore and Kelley, /. deter. 
Chem. Soc., 1942, 2949. 

The range is taken as far as /x^t and arc available at present. The 
conditions for coexistence with K,^4 (s) are outside this range. 

See also Conley, Gabriel and Partridge 

•• Conley, Gabriel and Partridge, /. Physic. CAeei., 1938, 42^ 587. 

This constancy is considerably less fox jpeutasalt than for syngentte 
this is probably due to the raising of the " Ci^4 factor to the power, 
thus m^fying any discrepancies. In cmitrast to all other determinations on 
syngenite and pentasalt, the values given for pentaaiUt at 100® c. do not give < 
constancy, without there being any obvious reasons lor this. 

With the simplihoatton regarding n^, mentioned earlier. 
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TABLE IV. 


t*c. 

"KrflO.- 


/KtS 04 - 


Sokttkmiii 

Coexittenett 

with 

.lO*. 

Sji ( 5 . C) • zo^« 

o’’ 


0*0063 

0*418 

0-376 

S.G 

_ 

4-9 


11 “ 


0*0109 

0-384 

0*488 

S. G 

— 

7*9 


18“ 


o*oii6 

0-376 

0-541 

S, G 

— 

10*3 




0*0112 

0-365 

0*591 

S,G 

— 

12*5 


25“. 

o*i88 

0*0118 

0*362 

0*611 

S, G 

— 

13*5 

V 12*8 

0*205 

0*0091 


0*651 

S 

25*2 

12*5 


3 I- 8 » . 

0*200 

0*0118 

0-354 

0-647 

S.G, P 

— 

15-0 

}i 5 *a 

0*208 

0*0128 

0-351 

0-675 

S. G, P 

— 

16*5 


0*221 

0*0126 

0*340 

0*713 

S.G 

— 

i 8 *x 



0*226 

0*0132 

0-338 

0*731 

S.G 

— 

18*8 


40“. 

0*237 

0*243 

0*0109 

0*0103 

0-334 

0*332 

0-755 

0*770 

S 

S 

31-8 

32*3 

17*7 

17*6 

•*18*0 


0*281 

0*0078 

0*321 

0-874 

S 

38*8 

17*6 



0*289 

0*0073 

0*318 

0*896 

S 

39*7 

Uifl 


51° 

0*252 

0*0134 

0*310 

0*810 

S, G 

— 




0*268 

0*0135 

0*308 

0*858 

S. G 

— 

B 9 

1 


0-314 

0*0104 

0*298 

0*984 

S 

47*3 

24*3 


60°. 

0*324 

0*0094 

0*296 

1*010 

S. A 

— 

23-7 

>23*9 

0*327 

0*0092 

0*296 

1*018 

S 

49*6 

23-4 


0-345 

0*0083 

0*292 

1*063 

S 

52-4 

24*3 



0-378 

0*0078 

0*284 

1*165 

s 

63*5 

24*0 

J 

75 ® 

0*296 

0*0147 

0*288 

0*948 

s. G 

— 

26*2 


80“ 

0*303 

0*0149 

0*281 

0*969 

S.G 

— 

26*0 


90“ 

0*320 

0*0152 


1*021 

S. G 

— 

25*8 


99 ® 

0*327 

0*0154 

0-254 

1-043 

S, G 

— 

24*0 



0*322 

0*0157 

0-258 

0*982 

S 

52*4 

24*6 



0*327 

0*0155 

0-253 

1-043 

S. G 

— 

23-7 



0-334 

0*0148 

0*252 

1*062 

S 

57-7 

22*4 



0-338 

0*0145 

0*251 

1*072 

s 

59*6 

22*0 



0*350 

0*0138 

0*249 

1*106 

s 

64*1 

21*6 

► 22-6 

100® - 

0*369 

0*0128 

0*245 

1-159 

s 

69*0 

21*8 


0-434 

o*oior 

0*232 

1-342 

s 

86*7 

21*6 



0*500 

0*0082 

0*220 

1*532 

s 

112 

21*6 



0-505 

0*00 80 

0*220 

1-547 

s 

n8 

19-4 



0-575 

0*0068 


1-752 

S. A 

— 

21*6 



0*685 

0*0054 

0*201 

2*077 

S. P 

X70 

23*0 



TABLE V. 


/•c. 

«K,SO.- 

"•CaSOi* 

/K, 80 «- 

f *- 

Coexittcaoe 

with 

. 10*. 

. 10*. 

3I-8'{ 

0*200 

0*0118 

0-354 

0-647 

S. G, P 
S. G. P 

_ 

15-0 

\15-2 

o*2o8 

0*0128 

0-351 

0-675 

— 

10*5 

B 

0*174 

0*0117 

0*366 

0*569 

G, P 

— 

11*0 

1^9 

0*237 

0*0109 

0-335 

0-755 

S. P 

31*6 

9*6 

mKmi 

0*097 

0*0112 

0*408 

0-336 

G. P 


2*8 



0*246 

0*0089 

0*316 

0-774 

A.P 

— 

2*3 

im 

■■1 

0*345 

0*0083 

0*292 

I *068 

S.P 

53-6 

2-1 

80“ 

0 

1 

0*0122 

0-3^5 

0-339 

G.P 


(*-3) 

•*“** 


sulphates to infinite dilution, with the precipitaticm of gypsum: 

AFfit(S - G, K,S04(o)) «= — 3950 cal.; 

AF^ (5 -- G, KSO,{o)) « AF^iP ^ G. KnSO,(o)) « -- 3910 cal. 
Combining this with the activity of KgSO^ (s) (see footnote <»■>) we get for 
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tbe free energies of f<Mrmation of the dwhk siili^te8(s) from solid KtS04 
and g3rpsum: 

AFf»t(S — G, KfSO^^s)) »» — 1550 cal ; 

AF^(P ^ G, K,SO,{s)) « ^ 1590 cal. 

The heats of solution (heats of decomposition *«)) cannot be obtained 
with suMcient accntacy by graphical differentiation, but it can be seen 
frota the last column of Tables IV and V and their graphical exposition 
that for syngenite they are at iirst positive (absorption of heat), decrease 
with increasing temperature and pass through zero between about 70** 
and 90**, while for pentasalt the heat of solution is negative in the range 
under consideration. 

IV. The Equilibrium Constants of the Conversion &C 1 K,S04. 

The activity coefficients (Table I) in combination with the molalities 
of saturated gypsum solutions produce the activity Uq of gypsum. From 
this the activities Up of the various CaS04 forms can be calculated and 
from the values of (Tables IV and V) the activities as and ap of syngenite 
and pentasalt: 

as = au(S, G) ,ac; ap ^ ai,(P, G) . a^*. 

Thus we get for the equilibrium constants of the conversion KCl -► K4SO4 
with the aid of CaSOi 

/t \ 2ASY9 —O) 

K{p, S) =* (t —^) = =• 4«»(G, S). ag-*. lo ii»r 

/T \ 

K(^ P) =« ) =• = »»(G. P) • «c-‘ • 10 ~W¥—. 

Although, for obvious reasohs, some of the equilibria contained in 
Table VI are far from being realisable,it will be seen that in the range 
of temperature under consideration practically all forms of CaSO« are 
superior to gypsum in their ability to convert KCl to KtS04, on conversion 
to syngenite as well as to pentasalt. The practical application of this 
superiority presupposes, as we have already remarked, that the selected 
calcium sulphate really tends to its higher solubility in comparison with 
gy^psum and that this state of increa^ activity can be maintained at 
least for the period of coexistence between solution and double sulphate. 

Furthermore, the very advantageous influence of low temperature 
on the position of equilibrium can be seen so that the summary given in 
Table VI, combined with the kinetics of the conversion, permits of an 
estimate of the conditions under which there is an adequate balance be> 
tween the advantage of increased output and the disadvantage of a de¬ 
creased rate of reaction. Fortunately the equilibrium constants decrease 
faster than the degree of supersaturation increases. 

For K(Pi S(P) -< I the theoretical yield. =ss i — approaches 

100 % for any considerable concentration 6 independent of the factor 4. 

itself is dependent on the composition of the 

equilibrium solution which is in the main a solution of the respective 
potassium and calcium salts, at the conversion of potassium chloride. 

S and P coexist at 31*8® c.K The temperature coefficient of 
AF4 h(K 4S04 (s) -- K,SO^(o) # + 11 cal./deg. 

wSeeBarre" 

» Bane, Ann. Chim. Pky$iqu$, xgii. (S), 

the ^ul^ity of would be about a«5 u. at o® c. 

The limiting co yentration of KCl, which has to be exceeded to give 
conversion, is frnki « VJ<:(p,S(i^). . aos**. 

4 * 



TABLE VI. 



QW 3.26 7*5 3-76 102 4'Oi 16*0 3*95 »9'2 19*2 yi>7 24*5 13-9 2-83 42*2 4-3 (1*97) (67-0) 
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We can obtain* an estimate of the values of ^ by re-calculating the ex¬ 
periments which vrexe carried out by KroU** on the conversion of KClwith 
g^rpsum to syngenite at o"^ and keeping the reaction under observa¬ 

tion for weeks. <<»«> These give, after equilibrium has been established, the 

values of (s»K(G,S)(^) at the ionic strength fioo, given in Table VII). 

The resulting values of ^ seem to be only slightly dependent on temperature 
and yield platted against gives a smooth curve from which the values ^ 
in the last row of Table VII have been read. The theoreticdl yields 
on conversion of KCl to K|SO« with the aid of the various forms of 
CaS04 are listed in Table VIII. The marked dependence on the form of 
CaS04 on the one hand, and on temperature on the other hand, stands 
out clearly. 

TABLE VII. 


i ,* c . 

0 \ 

ao®. 

<00 i 

2*83 

0*70 

1*52 

2*40 

2-78 

2*94 

3-26 

5*10 

6*42 

f e^A 




1 







4*5 


Kn 


7-8 

8*6 

9*6 

20*5 

26*3 

V «€»'•/« 


■M 

BMH 

uMm 







0*60 


m 


0*56 

0*62 

0*69 

1*48 

1*88 

*00 

0*5 

1*0 

*•5 

1 

2*0 1 

3*0 

4-0 i 

50 

6*0 

6-5 

!> 

0*19 

0*28 

0*32 

0*40 

1 

0*64 

0*90 


172 i 

1-95 


It will be seen from Table 
VIII that even calcium sul¬ 
phates of moderate metasta- 
biiity, such as the hemi- 
hydiates,***> give large yields 
under suitable conditions, 
reaching three, four and 
even more times that of 
g3rpsum. This may also be 
of technical importance for 
the conversion of KCl to 
KtS04 in aqueous solution, 
particularly as increased 
output is associated with 
each of the special forms of 
hemihydrate, so that the 
problem of exact reproduc¬ 
tion to a certain extent 
recedes. 


TABLE VIII. 
b *= 4*0, 


CaS04. 

*?<%). 

Cooveaioe to 

SyncMiite. 

Peausalt. 

o®. 

*5®. 

40®. 

AgQlfi . 

^100 

991 


^•01 a • 

98 

94 > 

i-wIOO 

Hfl . . 

92 

77 J 


, 

87 

70 

96 

//.® , 

80 

58 

92 

A 

54 



0 

25 

‘7/ 

*9 


•• KroU, Kali, 1933» 3i7t No, 6-7. 

Tl^e values are based on the following solubilities of gypsum • ro*) 

—taken from careful graphical smoothing of the numerous data—and activity 
coefficients (/018O4 1 ^ Table I) ; o*: 12*92, 0*442 ; xo® : 14*20,0*432: 25®: 15*29, 
0*414; 40®: i 5 * 49 * 0*391; 60®: 14*87,0*358; 80®: I3’73* 0*323; 31*8: inter¬ 
polated. 

Experiments at other temperatures cannot be used in this coxmection. 

A few measurements by D'Abs,'^ from which 4 could have been oal- 
culated as well, are without doubt distorted as, apparently, the equiUbrium 
had not yet been established. 

tee) For room temperature in nearly saturated solution; h *» 4. 
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Conclusion/ 

The thermodytiaiiiics of the conversion of KD to KgS04 in aqueous 
system with the aid of CaS04 have been developed. In comparison to 
other forms of CaS04. conversion with gypsum is the least mvourable 
over a wide range of temperature. Throughout the entire range the 
extent of conversion increases as temperature decreases. 

We have great pleasure in thanking Palestine PUtash Ltd., particularly 
their Managing Director, Mr. M. A. Novomeysky, and their Director, 
Mr. G. A. Stolar, for raising the problem and for their kindness in per¬ 
mitting publication. Our thanks are also due to Dr. Tompa for many 
helpful (Hussions, and to Mrs. B. B. Silk for her valuable assistance in 
translation. 

<••> Compare the measurements by Jolibois and Chassevent •• with those by 
Riddell to see in how far these are often not exactly defined. 

" Jolibois and Chassevent, Compt. rend., 19-^41 *78, I 543 - 

•* Riddell, letter to Kelley, see 


THE IONISATION POTENTIALS OF POLYATOMIC 
MOLECULES. L INTRODUCTION AND THE 
IONISATION POTENTIALS OF H^O AND H3S. 

By W. C. Price and T. M. Sugden. 

Received 23rd July, 1946. 

The importance of ionisation potentials (I.P.) in the study of chemical 
structure and bonding has become recognised increasingly, since they 
give the energies required to remove the outer electrons to infinity from 
an atom or molecule, and it is precisely these electrons which are important 
in valency considerations. 

During the past ten years, a number of papers have been published by 
Price and collaborators on the spectroscopic determinations of I.P. of a 
large number of simple molecules in the vacuum ultra-violet, using the 
convergence limits of Rydberg series. Over a longer period, scattered 
measurements by various electron impact methocb have b^n made, 
which have not been so accurate or reproducible. The technique is, 
however, of wider application since it allows of determinations where 
no Rydberg series are obtained. This is particularly true of the higher 
ionisation potentials where the excitation of the more deeply seated 
electrons often gives rise to wide regions of continuous absorption wherein 
Rydberg series might be expected to occur. 

Experimental. 

A review of the various methods which have been employed for the measure¬ 
ment of I.P/s at different times showed that the method of Mackay • gave 
results which w'ere most closely m agreement with those determined spectro¬ 
scopically. The use of photo-electrons m preference to thermo-electrons was 
particularly advantageous in our programme of work on organic molecules since 
It reduced the possibility of contamination by dissociation products. The major 
innovation introduced in our method was the calibration of the apparatus with 
gases whose minimum I.P. had been determined spectroscopically, and whm 
*' vertical I.P.'s were known to be dose to the minimum values. The vertical 
I.P. may be defined as the energy required to remove the electron without alter¬ 
ation of the interatomic distances. 

1 Mackay, Phil, Mag., 1923, 46, 828. 

* Mackay, Physic. Rev., 1924, 34, 319. 
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, T|ie ioiiisfttk>a;fcttbe w shown scbomnticafly in Fig. 1. Light from the source 
S, which was an 80 w. Mercra lamp with the outer g^ass jacket removed* 
fe& on the nickel target C via a 
quarts window in the tube. The 
electrons liberated from C» which 
was about i inch diam., were 
accelerated towards a target B by 
a potential, applied to B in steps 
of oH>5 V. up to a total of 20 v, 
from a potentiometer system ; B 
was a nickel cylinder about 3 iuches 
long and 1 inch diam., with its 
upper edge bevelled to shade the 
coiiecting wire W from the re¬ 
flected light at the source, and its 
top was covered by a Ane^mesh 
platinum wire gaure. 

Ionisation occurred beyond this 
gauze and the positive ions were 
collected on W. which was a fine 
platinum wire supported by a glass 
rod. The rate of collection of ions 
was measured with a Compton 
electrometer, which, with 50 v. on 
the paddle, had a sensitivity of 
about 3000 mra./v. The rate of 
deflection of the electrometer when 
one pair of plates was earthed and 
the other j^ir connected to the 
collecting wire gave a measure of 
the relative ion current. Absolute 
measurements were unnecessary, 
but the capacity of the charge- 
collecting system was estimated to 
be about 15 cm. A special shield¬ 
ed switch was designed to enable 

the wire W to be earthed between consecutive readings. 




Flo. 2. 

The geaexal eii^rimeatal amumenent k dxnra in Fig. a. The tube oonld 
be evacuated by a Hyvac pun^. vapours being condensed in the trap D. A 
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Ptrani gauge^ calibrated against a McLeod ^uge lor hydrogen and dry air, yras 
attached to the apparatus to aUow of rapid test of vacuum periodically, and 
between runs the system was cleaned out by continuous pumping with a slow 
steam of hydrogen. After thorough cleaning and pumping, the vapour to be 
studied was allowed to stream slowly through the apparatus for several minutes 
with the light source on. An acceleratiiig potential of a few v. above the 
minimum I.P. was applied, and the vapour supply turned off ; pumping was 
then continued until the optimum ion current, as measured by tne deffection 
rate, was obtained. A reading of the Pirani gauge was then taken so that the 
same conditions could be repr^uced subsequently. 

The accelerating potential was then reduced to a few v. below the minimum 
I.P. and readings of the positive ion current obtained as the potential was stepped 
by several v. by intervals of o*i or 0*05 v. and then stepped down again. Where 
a significant divergence occurred between the ion currents in the stepping-up 
and -down processes for a given potential the run was discarded. In no case 
did new breaks occur in the ion current-accelerating potential curve on lowering 
the potential, which would have indicated appreciable photolys^ with production 
of new substances. A retarding potential of 6 v. was maintained between the 
collecting wire and the cylinder to ensure that only positive ions were collected. 
When the ion current became too great for accurate measurement of the 
deflection rate, a screen was placed so as partially to obscure the light source. 

The water vapour used was obtained from conductivity water subjected to 
redistillation in the presence of a little KMn04. The drying tube shown in 
Fig. 2 was dispensed with and continuous flow of vapour throng a fine capillary 
with constant pumping used to obtain the requisite pressure. 

Hydrogen sulphide was obtained by dropping pure dil. HCl on to FeS, dried 
with CaClj and traces of phosphorus and arsenic were removed by passing through 
a tube containing iodine. HCl was removed by distilled water and the gas 
stored by solution in conductivity water until required. Since the I.P.'s obtained 
for HjS were belo>v the minimum value for Hg, its presence as an impurity was 
of no account. 

Galibratioii of the lonlsatiofi Tube. —In view of the large amount of 
spectroscopic data available on l.P.'s, a calibration wa.s made by obtaining results 
for the lowest I.P. of a number of substances for which an accurate spectro¬ 
scopic value was available from Rydberg series. Results are shovrn in Table I. 

TABLE I. 

Electron Impact and Spectroscopic Ionisation Potentials. 


Substance. 

Electron Impact Value 
(ev.) 

Spectroecopic Value 
(•V.) 

Reference. 

Methyl iodide . 

9-5 ± 0*1 

9*49 

3 

Acetone . 

10*1 ± 0»I 

10*20 

4 

Carbon disulphide 

iO'3 ± o»i 

10*027 

5 

Hydrogen sulphide . 

iO'5 ± 0*1 

10*42 

6 

Methyl chloride. . I 

11*3 ± 0*1 

11*17 

3 

Water 

12*6 ± o«i 


6 

Carbon dioxide . 

13*9 ± 0*1 

13-7.1 

7 

Nitrogen . 

15-7 i 0-1 

15-58 

8 


The way in which the electron impact results were deduced from the relevant 
data may be seen from the accelerating potential-ion current curves for HgO 
and HgS (Fig. 3 and 4). The current below the minimum I.P. was negligible, 
and was a Imear function of the accelerating potential above it except for a 
transitional region of curvature. The I.P, was obtained by linear extrapolation. 

• Price. /. CAem. Physics, 1936, 4, 539. 

• Dtmcan, ibid., 1934, a, 717. 

• Price and Simpson, Proc. Roy. Soc. A, 1938, 165, 272. 

• Price, J. Chem. Physics, 1936, 4, 147, 

’ Price and Simpson, Proc. Roy. Soc. A, 1939, 169, 501. 

•Worley and Jenkins, Physic. Rev., 1938, 54, 305, 
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The second two columns in Table I show good agreement and thus no s^j^ni* 
ncant correction for contact potentials, etc., appears to be necessary and, within 
the limits of error, the accelerating potential at which the break in the curve 



Fig. 3.—Ionisation potentials of water (H, 0 ). 



Fig. 4.—Ionisation potentials of hydrogen sulphide. 

occurs may be taken as a direct measure of the ionising potential. In all the 
above cases the elec^on removed is essentially non^bonding and hence the 
spectroscopic result will not be ver>^ different from the " vertical" value. 


Processes LeadliH^ to Positive Ion Formation. 


In most of the substances examined, one or more breaks in the acceleratioR 
potentjal ion current curve were obtained above the lowest one, and a revtw 
of the possible types of explanation of these is now given. They may be dlvid^ 
into two mam eWs, ^ fimt arising from simple ionisation, and the second 
involving an additional dissociatioa of the 
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1. Prodnctloii of Undissociated Poaltlvo lout. 

(i) Ordinary ionisation in'*which a single electron is ejected from the molecnle 
without further excitation. 

(ii) Ionisation as in (i) with excitation of another electron : verj^ weak double 
excitation has been obtained by electron impact in He by Whlddington and 
Westley.^ and also in optical spectra* although very weakly. The energy 
required* in general* will be at least 5ev. above the minimum I.P.* unless ue 
second electron is excited to the orbital vacated by the first. This last case 
has never been recorded in spectra and is considered very improbable. 

(iii) Excitation by electron impact followed by ionisation at a second impact. 
This* ^though improbable* cannot be entirely ruled out on theoretical grounds* 
but appears not to occur in practice since no positive ions have been observed 
at potentials well below the established minimum values. 

(iv) Ionisation by collision with an electron which has already suifered an 
inelastic impact with another molecule. The lowest potential corresponding 
with this =3 (first excitation ^xitential + minimum ionisation potential). 

(v) Auto*ionisation—i.e. excitation oif an inner electron by impact to a state 
with a term value higher than that of the minimum I.P.* arid the possibility of 
radiationless transition to a |K>sitive ion and an electron. The l.F. observed 
in such a case should coincide with an excitation level* but a linear increase of 
ion current with acccl. potential would be unlikely. This can be ruled out 
wherever sharp Rydberg series lead to the ionisation potential. 

2 . Prodoction of Ions with Dissociation. 

In these cases, the molecule on impact with an electron may be dissociated 
into two or more fragments, one of which will be ionised. 

(i) The initial positive ion produced is in a repulsive state and hence disioci- 

ates into fragments, one of which will be ionised. The I.P. obtained will be 
equal to the sum of the dissociation energy of the unionised molecule int^^e 
same fragments, the I.P. of that fragment which is ionised* and the k^Rtic 
energy of separation of the fragments from the repulsive slate. This kinetic 
energy will of the order of a few ev. for the usual types of potential energy 
curves. / 

(ii) A modification occurs if the primary molecular ion (denoted ABi***), is 
itself stable, but by overlapping with a repulsive state AB,’*' may predi»»o€iate 
into A and The difference is that the kinetic energy of separation will be 
much lower, and by assuming it to be zero, Stevenson has calculated reason¬ 
able values of the C—H and C—C bond energies from electron impact data. It 
has been shown that, where alternative predissociation possibilities exist, that 
the one with the least mutual kinetic energy of separation will predominate.^^ 
Such an I.P.* therefore* will approximate to the sum of the dissociation energy 
of the molecule and the I.P. of the ionised fragment. 

Obvious extensions occur, e.g, predissociation of an excited molecule to give 
products, one of which ionises in the course of dissociation, in which case* the 
I.P. would correspond with an excitation level of the undissociated molecule* 
as well as the sum of dissociation and ionisation of product energies. Wherever 
relevant, in this and subsequent papers, proc<*sses of the above types will be 
considered. The po^ibility of ionisation at a ternary impact of two molecules 
and an electron is discussed below in the case of the I.P. of H ,0 at 14 v. 


Results and Discussion. 

L Water. 

The accelerating potential-positive ion current curve (Fig. 3) shows 
four distinct breaks* at 12-6 ± o*i v., 14-5 ± 0*3 v., 16*2 ± 0-3 v., and 
i8*o ± 0*5 V. respectively. Before reviewing th^ in the light of the 
various excitation possibles* a brief summary of the results of previous 
investigators is given for comparison purposes. Fig. 3 for convanienoe 
shows all the breaks on one curve. The individual I.P.'s were obtained 

® Whiddington and Priestley* Proc. Roy. Soc. A, 1924* 145, 462. 

Stevenson* /. Ckem. Physics, 1942, io, 292. 

” RoUefson and Burton* /. Chem. Physics, 1938, 6, 674. 
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bv 4raipring particular parts of thk with suital^y chosen ordinates to 
give a ttmxkied change of slope; this applies particnlarly to the xnixminim 
value* 

{a) hCiitimum Ionising Potential (12*6 v.).—^This result is not in¬ 
dependent in so far as water was used as one of the calibratix^ substances 
on the basis of iiie value of 12*56 ± o-oi v. reported by Price,* but the 
value of i2’6 v. obtained here is highly satisfactory and shows that no 
appreciable correction has to be made to the values obtained in the present 
apparatus. Another spectroscopic result of 127 ± o-a v. had been 
given previously by Henning.There are numerous electron impact 
results, ranging from 12-59 v. (Smith and Bleakney^*) to 13*2 v. in the 
work of Mackay,^ who usl^ the present method. The most recent value 
is that of Mann, Hustrulid and Tate who give 13-2 ± 0-2 v. 

(b) Second Ionising Potential 14 v.).—An I.P. at 14*4 ± 0-3 v. has 

been recorded by Mann et al, (Ifx:. cit.) and a small subsidiary break in a 
mass spectrograph analysis (Smyth and Mueller in the same region. 
No spectroscopic value has b^n recorded. 

(r) Third Ionising Potential (/-w 16 v.).—In this case both spectroscopic 
and electron impact results of 16 0 ± 0*5 v. have been cited by Henning 
(loc. cit.) and Smyth and Mueller (loc. cit.); Mann, et al. do not hnd it. 

(d) Fourth Ionising Potential (^ 18 v.). — ^Mann et report a value 
at atK>ut 18 V., as d^ Smyth and Mueller at 18*9 v. It thus appears 
that there is previous evidence for the appearance of ioxiic species at all 
the values of accelerating voltage obtained here, but no investigator 
reports all of them, with the exception of Smyth and Mueller, who are 
somewhat uncertain about the 14 v. result. 

It is clear that it is necessary to discuss the result in the light of the 
molecular orbital theory as developed principally by MuUiken and 
Lennard-Jones (linear combination of atomic orbitals approximation)^ 
since I.P. may be linked with some definite molecular orbital. 
Mtilliken fcumulates HfO as follows : 

[2saJ» i>6J* [raj* [ 2 xb^y; 

O H H--0—H O 

The nuclear framework, which has symmetry has the x and m 
planes of symmetry, and the z twofold axis. The orbitals above are linear 
combinations of H (15) and O (25 and 2p), which are irreducible repre¬ 
sentations of C,« denoted by the second letter in the brackets. Ihey 
behave under the symmetry operations of as indicated in the com- 
pxeheasive tables of MulUken.^^ Formulation of the s orbitals wi^ 
spherical symmetry and the p orbitals with axial symmetry and a node 
at the origin with positive and negative lobes on opposite sides of it shows 
that the 2 xbi orbital is a pure ip^ of oxygen, that the orbitals of yb^ and 
roi types overlap positively in the atomic orbitals, giving rise to bonding 
and that the sOi will not contribute much to the bondi^ on account of 
the smaller overlap of ir of H and 2s of O, although hybridisation of 
2sax and za^ may occur. The symbols under each orbital give a rou^^ 
idea of the bonding in accordance with the foregoing remarks. 

It may be regaled as proved that the I.P. at 12-6 v. is due to ionisa¬ 
tion of the non-bond^ 2xbx from the spectroscopic evidence of Price,* 
sho^ng that the ionisation is the culmination of a Rydberg series, the 
main members of which are accompanied by very little vibrational stnicthre. 
The value predicted by MuUiken **for this chanj^ { 0 {s*p\ V^)) 

« Hcnniiig, Aim, PAyriA., 1924, 13. 599* 

Smith and Bleakney, Physic. Eev„ 1924. 24, 319. 

u Mann, Hustrulid and Tate, ibid., 1940, 58^ 340. 

Smy^ and Mueller, ibid*, 1933,43, xi6. 

MuUiken, J, Chem. Physics., 1935, 3, 306, 

MuUiken, Physic. Reif., 1933.43, 279. 

** MuUiken, J. Chem. Physics, 1934, 7®*- 
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18 X47V., and the diEetence is set down to charge transfer effects, i.e. 
a dx^ of negative change from the hydrogen atoms towards the more 
electronegative oxygen, which is also partially responsible for the dipole 
moment. 

The positive ion resulting from this process has the structure 
[2saJ • [yfcJ • [roj * ; *Bi, and is probably involved in the following 

way with the highest l.P. obtained (i8*o v.). The results of Mann, $t ah 
give a value at 18*5 v., which they showed by the mass spectrograph to 
be bound up with dissociation into OH+ -f H, or OH + H+, both processes 
occurring with about the same energy change. If the products are in 
the ground state, + H(*S), or OH(*/ 7 |„,.) 4 * H**' result, either 

being possible from a ‘Bj state of H, 0 . Hence the transition, 

requires 13-6 v. as a maximum value for the l.P. of the OH group if the 
change, H ,0 (Mi) (OH(*/ 7 <«„.) + H(*S) occurs with absorption of yi v. 
It is of interest that this falls approximately half-way between the pre¬ 
dicted value of Mulliken of 147 v. for the valency state of O and the mini¬ 
mum of l.P. of H ,0 (effectively two OH groups from the charge transfer 
asi>ect). 

The intermediate values at 14 v. and ^ 16 v. remain to be discussed. 
The potentials at which they appear are too small to allow of dissociation 
into an ion and an uncharged group, which requires at least 18 v. Mann 
et al. suggest that the lower value is due to the process, 

H, 0 + 4 H ,0 -> H, 0 ^ 4 OH 

since the intensity of this ionisation in their w'ork depended on the square 
of the pressure. The present work did not include systematic investiga¬ 
tion of pressure dependence. Several comments are, however, necessary. 
Firstly, if the process took place in stages by ionisation followed by col¬ 
lision of *Bi HgO+ with an H ,0 molecule there is no apparent reason for 
appearance of H, 0 + at a given potential since it is very improbable that 
kinetic energy is imparted to it at the original electron impact, and further, 
a direct dependence on pressure would result if H,0+ had a long life. 
The appearance of H, 0 '*’ at a definite jK)tential is more readily explained 
by ternary collision 2H,0 4 e with direct production of and OH, 

which would be, however, a relatively rare occurrence, or alternatively 
by the production of a new species of HiO*** capable of undergoing rapid 
reaction with H, 0 . Such an ion could be [25a,]* [-ro,] [ 2 xb{\^ ; 

A definite decision would necessitate the careful study of the effects of 
pressure and intensity of the bombarding stream. The absence of a 
spectroscopically determined level is explicable here if the ion is of 
very short life. Rydberg series do, however, lead to a value of about 
i6*o v. (Henning, loc. cit.) and mass spectrography (Smyth and Mueller, 
loc. cit.) has shown it to be due to appearance of H, 0 +, presumably in a 
new electronic state. If the value of 14*5 v. is to be ascribed to the ion¬ 
isation of zoj, then this obviously is connected with the other bonding 
orbital yb^. Estimates of 4 Iq) (Mulliken ^•) gives I5»3 v. as a pre¬ 
dicted value for an electron of this type shared between O and H, to 
which is to be added 1-2 v. on account of the bonding stabilisation, and 
from which is to be subtracted a charge transfer effect of the same order. 
In the absence of precise data on these effects the agreement with the 
experimental result is tolerably good. 

As the bond angle increases from o to 180® in H, 0 , the whole of the 
bonding is gradually transferred from the electrons to the yfe,, with 
about equal contributions at 90® (Mulliken ^•). At 105® the two orbitals 
would have not very different energy levels, and there is a possibility 

Mulliken, J. Chem. Physics, 1935. 3 # 
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thaX both tOi and ybt ionise at t 6 *o v., this is, however, difficult to reconcile 
with the peculiar behaviour at about 14 v. Table II briefly summarises 
the evidence. 

TABLE II. 


LP. (V.) 

Interpnimtioa. 

12*6 ±0-1 

14*5 ± 0*3 . 

i6-2 db 0*3 

l8*o ± 0*5 

Ionisation of non>bonding 2x1^, 

Uncertain : suggested ionisation of zoi with subsequent 
rapid reaction, H,0+ -h H,0 HjO-*- -f OH. 

Ionisation of yb^ (also of zaj if the value at 14*3 v. is 
misattribut^). 

Ionisation of 2 xbi with dissociation into OH*^ 4- H or 
OH 4 H+. 


The variation in the minimum I.P. as reported by various investigators 
can be ascribed, on the one hand, to experimental errors and on the other, 
to diflerences in the mode of calibration of the apparatus, bearing in mind 
the concept of verticality mentioned above. As far as the other I.P.'s 
are concerned, it is not surprising that they do not all appear as the 
culminations of -Rydberg series in spectroscopic determinations since, 
apart from possible obscuring by superimposed predissociation continua, 
the highest value corresponds with a dissociation process, and the other 
two with bonding electrons. This is responsible for the wide limits of 
error in the result of Henning ** at 16 ± 0 5 v. On the other hand there 
seems to be no apparent reason for the absence of this particular I.P. 
in the electron impact work of Mann et it being well established both 
by previous electron impact work and spectroscopically. There is most 
doubt concerning the I.P. at 14*5 v. which it is clear from the discussion 
above demands further study. An extension of this type of interpretation 
to hydrogen sulphide will next be attempted. 

II. Hydrogen Sulphide. 

Three marked clianges of slope in the accelerating potential ion current 
curve have been observed up to 15 5 v. viz. (Fig. 4), at 10*5 ± o*i v., 
12*2 i 0*2 V., and 14*0 ± 0*2 v. respectively. Previous results are 
a\^ilable for the minimum I.P. only, using both types of measurement— 
spectroscopically by Price • at 10-42 v. and by electron impact by Bartlett •• 
and Mackay,* toth at 10-4 v. The minimum here, although subject to 
the same calibration limitations as that for w'ater, is in good agreement. 

On molecular orbital theor>% the electronic formida, neglecting the 
inner obitals of the sulphur atom, may be written as follows: 

C,.; [35aJ« [yb,y [za,]* [ 3 Z 6 J*; M, 

S H S 

The minimum value is obviously associated with removal of the 
electron, derived from of S, as has been pointed out by Price.* The 
predicted’value for such an electron is io-8v. (Mulliken •*), the small 
diflerence, compared with that of ^ 2 v. in H ,0 being attributed to the 
smaller electronegativity between H and S, and the length of the S— 
bond (1-35 A.) as compared with OH (r-oi a.). 

When the higher values are consider^, the predicted value of 
i(/i /«) for the S—H bond is 13-4 v., using the valency state data. 
Both charge transfer and bonding corrections will be less than in 

*• Bartlett, Physk. Piv., 1929, 33 # 169. 

« Mtillikcn, j'Chem, Physics, 1935# 3 * 5 * 4 * 
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and tlie above figures therefore i^mpares quite well with the mean of the 
two higher I.P.'s (13-1 v.). The" obvious suggestion is that the I.P.'s of 
the H—S—H bonding orbitals yh^ and zox are 14^2 and 22*av« 
respectively. 

Bartlett found the appearance potentials of and to be 16^9 
and I5*S v. respectively, which are well above the values obtained here, 
and there is thus no evidence that dissociation processes occur in the 
present work, although the predicted appearance potentials of S+ and 
SH+ are i3»3 and 14*2 v. respectively, taking the values of 3*8 v, and 
4*6 v. for the S—H and H—linkages.** The discrepancy might be 
accounted for by kinetic energy of dissociation products, but in the absence 
of further data, these speculations will not be pursued, and the simpler 
ascription of the I.P.s given above adhered to. One point worth mention¬ 
ing, however, is that the theory indicates that for a bond angle not far 
removed from 90®, as is the case in H,S. the two pairs of bonding electrons 
should have equal bonding contributions, and it is therefore a little 
surprising that their I.P.'s are 2 v. apart. 

Summary. 

The paper ta an introductory one in a series on the ionisation potentials of 
polyatomic molecules as determined by electron impact methods. The apparatus 
and technique which have been found to give the most reliable results are de¬ 
scribed. The I.P.'s of water and hydrogen sulphide are given and interpreted 
in the light of molecular orbital theoiy . 

Laboratory of Physical Chemistry, 

Cambridge, 

** Pauling, Nature of the Chemical Bond (Cornell University Pres«<, Ithaca, 
N.Y.. 1939 )- 

••Compton, Physic. Rev., 1919, 14, 85. 


THE IONISATION POTENTIALS OF POLYATOMIC 
MOLECULES. II. THE IONISATION OF 
SIMPLE ALDEHYDES AND KETONES. 

By T. M. Sugden and W. C. Price. 


Received 2yd July, 1946. 

The experimental details of the method of electron impact measure¬ 
ment of ionisation potentials (I.P.’s) used in the present work has been 
completely describe.* The I.P.'s of formaldehyde, acetaldehyde and 
acetone, being the simplest set of compounds diaracteristed by the 
groupi^ >C =0 have been measured. It is well known that the double 
tx)nd in these compounds is associated with high polarity, and hence it 
is to be expected that their I.P.'s will be strongly affected by charge transfer* 
Previous results are available for the minimum I.P.’s in some cases and 
will be referred to under separate headings. The work described below 
also gives values for some of the more strongly bound electrons. In all 
cases spectroscopically pure substances were used. 

* Price and Sugden (previous pa|>er). 

• Price and Collins, Physical Rev,, 1935, 48, 714. 
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!• The loulMtloti Potentlale of Formaldehyde* 

Tbe l.P/a of this molecule, as well as its electronic structure, may be 
explained most clearly by considering it as intermediate between the iso- 
electronic molecules Oi and C,H4 (using IXAO molecular orbital theory), 
sinoe a direci gradation would be expected were it not for the existence 
of charge transfer edects which also ^ve rise to the large dipole moment 
In H|CO« 

(a) Oxygen* —^The structure of oxygen may be written: 

O, : KKla,2S)» K2S)* (ir,2p)* (a.2p)* (tr,2p)* ; •S,* 
using standard molecular orbital notation ; /7,2p and <r «25 are antibonding, 
the rest bonding orbitals. The I.P/s of the upper three of these orbitals 
may be calculated using the valence state data given by Mulliken.* A 
valence state may be considered to be an electronic state of an atom 
which only has significance for the combined atom. A table is given 
below in which Mulliken's data for the term values for valence states 
of O and 0 + have been combined so as to give the required I.P.'s of the 
O, molecule. Each valence state is represented by a structure in terms 
of s and p electrons (split into a and ir) and denoted by the symbol V 
with a su6&x equal to the number of unpaired electrons in the structtire. 


! 

Valence State of 0 in Of. j 

! 

j Vaknoe State of O in Ot. i 

1 

1 

Plredicted 

I.P. (ev.). 

State of Ot in 

Ion Produ^. 

1 

sVifor r. 

.v»#*o : 

1 

i 

i6*2 

*n. 

1* 

s*inra ; 


15*2 

*/ 7 . 


5 »ifV ; 

*'• ! 

17-2 

‘X,- 


The following results were obtained spectroscopically by Price and 
Collins,* in agreement with previous electron impact work; 12*2 ± 0*2 v., 
(O,'*’ as */ 7 g). i6*2 ± 01 V., as * 77 ,). and 18*2 ± o*i v., ( 0 ,+ as 
Deviations from the predicted results will occur for two reasons: (i) a 
lowering due to antibonding or an increase due to bonding ; (ii) a lowering 
due to charge transfer, which in this case implies interpenetration of similar 
electronic shells, thereby reducing the elective atomic number of the 
nuclei. ir^2p and ir,2^ are relatively weakly bonding and antibonding 
respectively and to a hrst approximation will be similarly afiected by charge 
transfer and also by the bonding effect, except that the latter will be in 
opposite senses for the two cases. If this is so, the calculated and 
theoretical values can be reconciled by a charge transfer leduction of 
1*5 v. and a bonding effect of i 2-5 v. A related figure is the increase 
in binding energy between the nuclei in passing from O, (•Zp*") to 0*+(*/7g),* 
4 r, 2 p appears to show an effect very similar to that of n^zp, 

(b) Ethylene.—^This molecule is isoelectronic with Oj when considered 
on molecular orbital theory, and a set of orbitals for the planar molecule 
has been draum up by Mulliken * (see also Fig, i), 

(5 4. 5, (s - s, (y^.)« (y 6 ,)* (a + a. {x + x, 

H,C—CH, ch, ch, h,c—ch, 

The first set of letters inside each bracket refers to the linear combination 
of atomic orbitals to which the molecular orbital approximates, s, y, a, x 
refer to as, of C respectively, a being used to denote an orbital 

with axial synmetry along the O-C line. The second symbol denotes 
the representation of the pennt group (F^) of the nuclear sk^ton to which 
the particular orbital 'conforms and hence gives the S3rnimetry properties 

» Mulliken,7. Ch$m, Pkysm, 1934, j, 764. ♦ 

* Hersberg. Molecular Spectra and Molecular Structure (Prentice-HaU, N.Y., 
1939 ), vol. I, p.393. » Mulliken, /. Ckem, Physics, 1935, 3 t 564. 
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of the orbits. The final s3nnbol states the overall symmetry and multi¬ 
plicity. In the second line the bonding is indicated qualitafively; <—► 

denotes antibonding. Experi¬ 
mental values are availaHe for 
the minimum I.P. only; Prhe • 
gives 10*41 V. determhaed spec¬ 
troscopically, and Kallman and 
Dorsch » 10*0 v. by an electron 
impact method. 

This corresponds with re¬ 
moval of the + X electrons, 
which provide the bonding of 
so-called n type in C=C; its 
predicted value from valence 
states is 11*2 v., i.e., the orbital 
is formed only from carbon 
electrons. Thejiowering of the 
experimental below the predicted value is much less than in 0| since here 

the orbital is bonding, even through the small H—C dipoles may exert an 
appreciable charge transfer effect. 

Prediction for the other electrons considered in the previous case 
is difiEicidt since a -f- » may hybridise with s -f- s, the only experimental 
value available being one of ^ 12 v. for the minimum I.P. of ethane, 
which is for an electron of a -f o type; ® ybg will be expected at about 
14*5 v.—^not far from the value for methane (MuUiken *), although here, 
on account of the shortness of the bond, hybridisation to (y -f y)* (y — y)® 
might occur. 




(^) Formaldehyde.—The present work gives I.P.'s at 10*8 ± o*i v., 
11*8 ± 0*2 v., and 13*1 ± 0*2 v., which are shown in Fig. 2. The lowest 

• Price, Physical Rev,, 1935, 47, 444, 

’ Kallman and Dorsch, Ahk. Kaiser-Wilhelm Institui, 1929, |J» 

• MuUiken. J, Chem. Physics, 1935, 3, 517. 
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has b^n reported previously by IfWce • At 10-82 v., this value being used 
in calibrating the present apparatus,‘ and by Jewitt at 11*3 ± 0-5 v. 
using a molecular l^m meth^. 

MuUiken has evolved the following molecular orbital structure 
(see Fig. 3).. 

(2s)* (so,)* + {yb,)^{z, + z,y {2p,b,)\^A, 

O H,(>- 0 (>~-C CH, O—CH, O 

The similarity of this structure with that for ethylene becomes apparent 
when it is pointed out that 2p^bf, -r® -f r,, x^ of formaldehyde cor¬ 
respond with one ybf, a -f a, and -f ;r of ethylene respectively. Here, 
as was pointed|out:by Price,* the 
absence of much vibrational stnic> 
ture in the Rydberg series leading 
to the first I.P. implies that 2p^b^, 
which is the most easily removed 
electron, is almost non-bonding, 
and consequently not strongly 
hybridised with yb^ of CH,. Thus 
aU the decrease from 14-7 pre¬ 
dicted for the O atom for its 
valence state in these conditions 
must be attributed to charge 
transfer eflfects. The dipole 

moment in C—O is about 2-5 d. in the direction C—O, 

This leaves the -r, 2, and x^ -f x^ electrons which provide the a and 

» bonding of the C=^ group to be accounted for. The predicted I.P.'s 
from valence state data on the basis of the simple equation I == J(/e + T^) 
are about 14 v. The charge transfer, which is largely due to these electrons, 
inay be examined as follows. The coefficient of ^0 in the LCAO approxima¬ 
tions to 4* Zf and -f of the form ^ = a^o -}- b^ft will be much greater 
than that of on account of the large electronegativity ditierence, 
therefore the effective atomic number of the O atom will be more important 
than that of the C atom in determining the I.P. Consequently a reduction 
in I.P. is predicted which will probably have about the same value in 
both cases. The effect will be smaller than for the non-bonding electron 
on account of the stabilisation by the positive charge on the C atom. The 
bonding contribution of the z® -f z, will be of the order of the 2*5 v. 
ascribed to the a bond of O, above, and that of x^ -|- z, considerably less. 
These qualitative arguments show that 11-9 v. and 13-1 v. are by no means 
unreasonable values for the I.P.'s of z* -f and z, -f z, respectively, to 
which they will be ascribed in the absence of evidence to the contrary. 
It is not likely that the I.P. at lyi v. is associated with C—H bonding 
electrons since these will have I.P.'s not far removed from that for methane 
(i 4’5 V.)- It appeam that extension of the readings to higher potentials 
with a view to finding the I.P.'s of stffl deeper electrons would be difficult 
on account of the possibility of dissociation processes occurring. 

Photolysis of H,CO by H,CO -f -► H, -f- CO in ultraviolet light is 
knovm to occur but the minimum I.P.'s of H, and CO (ifi-o v. and I4‘i v. 
respectively) lie well above the xecorded results, and as impurities they 
would thus be unimportant. Since the runs on H«CO gave the same ion 
currents for a given accelerating potential over the period of a run, such 
dissociation was considered to be negligible. All the above points have 
been summarised in a table. 


H > 

\ 
• A 

X 

« i 

rorrr«ldihytft 

S»mm«lry 


Fig. 3. 


* Price, /. Chem, Physics, 1935. 3, 256. 
Jewitt, Physic Pev,, 1934, 4 ^i 616. 
MuUiken, /. Chem, Physics, 1935, 3, 514. 
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Oorrelattai with hong Wavelength Spectrum of Formaldehyde^— 
McMorry^* Jbas ascribed the absotptioti around A29 ooa.» which is 
very to a forbidden transition hrom 2ybt (called in this section) 
to an orbital of t^^ (x^ + Xg), which is v antibonding. This will be called 
Xg and the transition AT -> E^, 

A transition from the lowest {x^ + Xg) of H,CO (called is denoted 
N -> 7 |, using the notation of MuUiken^* for " chaise transfer spectra ; 
this is an allowed transition and is ascribed to the strong absorption at 
A 1500 A. The fairly strong bands at A 1750 a. are ascribed to an excited 
orbital of type (x^ -f Xg) to which Y® is excited, the transition being de¬ 
noted N -►F|, and the upper orbital Z,. The whole scheme is shown in 
Fig, 4. 

This suggests the I.P. of Xi as 
<-wi5V., talring Vo as io-8v., which 
shows a large discrepancy with the value 
of ii*8v. ascribed to it above. The 
discrepancy obviously arises from the 
interaction between the electrons, i.e. the 
effective nuclear charges are different for 
the conffgurations (-X'i)*(y,)(Art) and 
(Xi){Ygy(Xi) by a factor of ^3V. on 
account of a difference in screening. 

In the N El change, a charge 
transfer takes place to the C atom, and 
rather the reverse in the AT ««> trans¬ 
ition since the electronegativity differ¬ 
ence is more pronounced for the a than 
the v bonding or antibonding states. 

At the same time the introduction of 
antibonding in the two cases will result 
in an increase of the C—O bond length. Both these changes imply 
that removal of the electron in the excited orbital would require 
more energy in the configuration {Xi)*(Y9){Xf) than in (A'|)(y,)*(A',) 
when the bonding stabilisation has been taken into account. That is» 
the difference between the transitions, N -^Ei and N Yj, will be 
greater than the difference between the ionisation potentials of yj(2y6i) and 
4 * electrons. The difference qualitatively predicted h«e is 
apparently about 3 v. in magnitude, if the I.P. interpretation is correct, 
but until a classification of the effects summed up under the general 
heading of charge transfer has been made, quantitative prediction of 
these apparent discrepancies is not possible. Similar disparities appear 
in all charge transfer spectra, giving rise to divergences in the N -► P 
transitions, as well as in the ionisations (see Price and Walsh 



Fig. 4. 


II. The Ionisation Potentials of Acetaldehyde* 


The experimental results obtained for acetaldehyde are shown in 
Fig. 2. the curve being shifted along the y-axis for clarity. The molecular 
orbital formula may be written in a similar way to that of formaldehyde. 


(2sy (s)* 
O CH, 


(sy 

Hex—O 


(X -f xy 

c—o 


(yy) (x + xy (ny 

HCC HCC—O CH, 


o 


the symmetry of HgCO having been largely destroyed. To this is to be 
fitted the experimental data, i.e., bres&s in the ion current curve at 


10*4 ± O'l v„ ii‘3 ± 01 V., i2’3 ± 01 v., and 13-5 ± 0 2 v. 


McMurry, /. Chem. Physics, 1941, 9, 231. 

» MuHiken, tbid„ 1939. % rn. 

Price and Walsh, Proc. Roy, Soc. A, 1940, I740t 220. 
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Tlie lower three values are obviou^y related to thode of iormaldeliyde. 
The new value at 13*5 v. obviously cowesponds with the introduc^n of 
a CH» group, and has also been found in other series of compounds when 
this group is attached to a C atom in place of a hydrogmi atom. It is 
clearly to be associated with ionisation in the C—C bond, bearing'^iti mind 
the possible hybridisation between the y and s electrona bonding in this 
respect (i.e. ionisation to occurs at 13*5 v.). 

The minimum I.P. corresponds with remo\^ of the non-bonding 2p^ 
and is known very accurately from the spectroscopic measurement by 
Walsh “ to be io i8n ± o*oooi v. The difEerence between the results 
of the two methods may be ascribed to lack of verticality " in the spectro¬ 
scopic case, or more likely to an error of about 0*2 v. in the calibration 
of present apparatus. The decrease of 0*4 v. below the corresponding 
formaldehyde value is due to the extra charge transfer on sub^tuting 
a CHy for an H atom, tending to decrease the effective nuclear charge of 
the O atom (cf. the inductive ” effect in the benzene nucleus in toluene). 
The shift may be compared with that of 0-2 v. which has been obtained 
in going from methyl to ethyl alcohols. The greater value is possibly 
associated with the relatively shorter bond system in the aldehydes. 

Similar shifts are found for the next two lowest I.P,*s, which on the 
basis of the treatment of H,CO may reasonably be ascribed to the {x + x) 
and {z 4- z) electrons, forming the ir and a contributions respectively to 
the C=0 bonding. No higher values were investigated : (w) of CH, is 
expected to appear in the region of 14*5 v., the I.P. of CHy. 


III. The Ionisation Potentials of Acetone. 

The results obtained are indicated in Fig. 2, with breaks in the curve 
at 10 2 ± 01 V., n*3 ± 01 V., i2‘2 ± 0*1 V. and 13*6 ± 0 2 v. As 

expected, they fall generally into line with the results for formaldehyde 
and acetsddehyde. 

The molecular orbital formula is : 

(25)* (s)* (s)* ^ (5)» {X + X)* (2 + zy in)* (it)* (2P,)* ; ^A. 

O CH, CH, O C-O ® 

The lowe.st value obviously corresponds with the nor-bonding electron 
2py, having been observed as the culmination of a Rydberg series by 
Duncan at 10*20 v, and by Noyes at io*i v, using an electron impact 
method. The lowering given by adding the second CH, group to HgCO 
is only half of that given by the first. This has also been observed to a 
more marked effect in alcohols and ethers, and mercaptans and sulphides, 
as compared with water and hydrogen sulphide.^* It may be connected 
with (a) a tendency of the electronegativity of the oxygen to become 
saturated; (b) interaction between the methyl groups, each thereby 

producing a smaller disturbing field, and (c) increased symmetry in the 
plane of the bonds of the C atom of C ==0 giving a disturbing field which 

is symmetrical to this plane of 

As in the case of acetaldehyde, the 13*6 v. value is probably to be 
associated with the ion (y)~\ i.e. the C—C bonding electrons. 

” Walsh, Proc, Roy, Soc, A, 1946, 185, 176. 

Duncan, J. Chem. Physics, 1935, 

Noyes, ibid., 1935, 3, 430. 

Price and Sugden (to be published). 
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Sumnidry. 

Three ionisatton potentials of formakiehyde have been fonnd, and four each 
for acetaldehyde and acetone. Their probable interpretation in terms of the 
electronic configuration of these molecules is given. The way in which the 
ionisation potentials are affected by alkyl sub^tuents is brought out and is 
interpreted as being due to induction or charge transfer effects arising in the 
molecule. 


Laboratory of Physical Chemistry, 
Cambridge, 


DETECTION OF CHANGES OF STATE IN FILMS 
ADSORBED AT THE GAS-SOLID INTERFACE. 


By S. J. Gregg and F. A. P. Maggs. 

Received gth September, 1946. 

The possibility of the occurrence of transformations of state in ad¬ 
sorbed films on solids has been discussed by several workers during the 
last twenty years.^ In 1932 Bangham • was able to demonstrate by 
experimental means a transformation of this kind, in adsorbed films of 
water and of methyl alcohol on charcoal; the work was extended by 
one of us, in that a considerable degree of resemblance between adsorbed 
films on solids and films of insoluble substances on water (*' trough films 
was demonstrated.* Evidence was adduced for the existence of the 
following film states at the gas-solid interface : gaseous (G), liquid-expanded 
(£j), intermediate (/), and liquid-condensed {£,). During the past year 
or 90 , Plarkins and Jura* have offered confirmatory evidence of the re¬ 
semblance between the behaviour of certain trough films and films adsorbed 
on solids. 

Reference to the examples quoted * illustrates the feet that the trans¬ 
formations between one state and another in gas-solid films, whilst quali¬ 
tatively similar to those in trough films, are frequently much less sharp 
and are correspondingly more difficult to detect. Their detectioa. however, 
must enter into any general interpretation of adsorption phenomena, 
and is of considerable importance in relation to the determination of the 
internal surface of adsort^nts. In the present paper we shall advance a 
simple method for detecting the occurrence of a transformation, based on 
the concept of a mobile film exerting a two-dimensional pressure analogous 
to that found in trough films. The method rests on the calculations from 
the adsorption isothem of the two-dimensional compressibility of the 
film, a quantity of which the usefulness h as already been emphasised by 
Dervichian and by Harkins » for trough films. 

^Frenkel. Z. Physth, 1924. a6, 117; Cassell. Ergth, exakt Netturewiss, 1927, 
6, 114 ; y. Physic. Chem., 1944* 4 *. *95 ; Semeuoff. Z. physih. Chem. B, 1930. 7, 
471, l«angmuir. /. Chem. Physics, I933» *t 3» Frumton, Acta Physicockim, 
^93^, 9 * 3 * 3 - Band. /. Chem. Physics, 1940, S, 178. 

* Bangham. Proc. Roy, Soc. A, 1932, 162 ; loc. cit., 1934. 147, 153, 

* Gregg, /. Chem. Soc., 1942, 696. / 

*Harldiis and Jura. J. Chem. Physics, 1944, la, iii. 

* Dervichian, ibid., 1939. 7 # 93 i; Harkins. J. Physic. Chem., 1941, 4$, 2b. 
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The Order of Traii8{ormatio]i. 

Phase changes in bulk matter are detected as a discontinuity ^ in 
l^e variation of a property of the substance under varying conditions^ 
the variation of volume (F) with pressure (P), and that of total energjr 
with temperature are frequently used. Ehrenfest * has generalised this 
treatment, and describing the ^scontinuity as a transformation of tto 
first order, introduces the conception of second order transformations in 
which the first derivative (e.g. Sf/JP) shows a discontinuity; similarly 
in third-order transformations the second derivative (e.g, J*F/5P‘) shows a 
discontinuity. 

For our present purpose the variation of F with P will be considered. 
The accompanying dia^am (Fig. i) reproduced from a paper by Mayer 
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Fig. I. —Phase changes in fluids (ref. 7). 


and Streeter,’ shows how both F and F/P vary with P when first and 
second order transformations occur (columns i and v). Further types 
of transformation of importance to this discussion are the ** anomalous.'* 
" diffuse ” and “ lambda " first order changes (columns ii, iii and iv) where 
the sharpness of the transformation is blurred to various extents. Mayer 
and Streeter emphasise that in practice it may be very difi&cult to dis¬ 
tinguish between columns ii. iii. iv because one has to rely on a finite 
number of experimental points ; with widely spaced experimental points 
even i, the true first order, might be indistinguishable from ii, iii and iv. 
The blurring effect may be produced by certain impurities, by lack of time 
for equilibrium, or by absence of suitable nuclei—in fact by any of those 
factors which one associates with the phenomenon of suspended phase 
change. The discontinuities and breaks of the second and third j order 
changes respectively in the compressibility curve may be similarly 
obscured. 

* A discontinuity occurs in a curve when one variable changes value at a 
constant value of the other (see upper curve, I, Fig. i). The point at which a curve 
changes direction abruptly will be referred to as a branch point (see upper curve, 
V, Fig. i); the first derivative of this curve will show a discontinuity. 

• Ehrenfest, Leiden Comm, SuM,, i,933» 75^* 

’ Mayer and Streeter, /. Chem, Physics, 1939, 7,1019. 

t A third order transformation (not shown in Fig. 1) will give a curve of 
I dF 

y jp against P similar in form to that of the upper curve. Fig. i, column v. 









S. J. GREGG A. P, MAGGS 13$ 

Bydnatioo of CjornproMibiUty Flints Adsorbed oa Solids. 

As Bangbam • has alnady pointed out 

,rS=. J*rf%dlog,/> . . . . (I) 

Jo 

where S =* surface area of adsorbent per g.; ^ number of mole adsorbed 
per g. of adsorbent; w = surface free energy decrement accompanpng 
adsorption, and is identified with the surface pressure.*' • 

A, the area occupied per molecule, is given by 

A^SjxN .( 2 ) 

where N is Avogadro’s Number. 

Differentiation of (i) and (2) gives 

d.r = JRrJdlog.p . . . . ( 3 ) 

5 

and d .4 == - . 

The compressibility p is therefore given by 

j dA —S d;r —S./>dr —Sd loge x 

RTx^ d log* p ^ RTx* dp ” RTx d loge 

The right-hand sides of these equations contain the unknown S; 
but writing 

B' — iEI ^ Hl ^ = Il£ ^ 

^ S ;r dlogtp x^ dp x dlog«p 

we have a quantity p' proportional to the compressibility, which can be 
evaluated at once from the experimental data for any adsorption x; 
that is. from the slope of the semi-log, natural, or log-log isotherm. 

Any of the transformations corresponding to columns i to v of Fig. i 
can therefore be exposed by plotting P' against irS ; the true and anomalous 
first order are distinguished from the rest by the circumstance that p' 



Abscissa*: (trS, 10’ erg. g.-**) « n. 
Ordinates : (NAJS, io*mole.~^g.) oc A. 
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Absciss® : ir 5 , 10’ erg. g.“*. 
Ordinate : p\ io*mole.~‘g. 


Fig. 2 .—N, on porous glass at 78 ® k. (ref. 10 ). 


and therefore dx/dp become infinite; that is, the isotherm becomes actually 
vertical at the transformation point. In principle a third order change 

• Bangham, J,^Chem. Soc„ 193X, 1324; Trans, Faraday Soc., 1937, 33 * B04, 

• Bangham, Ann. Reports, 1943. 
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is detectable by the same device, as a sharp dumga in the slope ol the 
^ trS curve; in practice, however, the exp^mental points are often 
too widely spaced to enable this tremsformation to be identified with 
reasonable certainty. As an example, the data of Emmett and De Witt 
for N, absorbed on porous glass at 78® k. have been plotted as NA/S 
(» i/x) against nS in Fig, 2a and as against irS in Fig. 2b, Compansra 
with Fig. I discloses tlmt either an anomalous or a difiuse first order 
transformation occurs in this film; a decision between the two possi|>ilitie8 
turns on the question whether the isotherm ever becomes absolutely 
vertical or not; the experimental points are not numerous enough to 
provide an unambiguous answer. 

In practice, a simpler procedure is available, for the general shape of 
the p'-vS curve is retained when p' is plotted against log p ; in muiticular. 
maxima in the curve will still be revealed. This is illustrated by Fig, 36 
where the data used in Fig. 2a and 2b have been replotted in this form. 




Abscis.sae: loffjoP/p, -/(tt). Abscissa?: log, 0 

Ordinates : p , lo* mole.“^ g. Ordinates : x, mm.* g.*"*. 

Fig. 3a,—^D ,0 on charcoal at 25® c. (ref. ii). 
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Abscissae: log,® p/p, =« /(ir). 
Ordinates : . 10*01016.*“* g. 



Abscissae: log^^ p/p,. 
Ordinates : jr, cm.* g.-*. 


Fig. 36.—^N, on porous glass at 79® x. (ref. 10), 


*♦ Emmett and De Witt. 7 . Amer. Chem. Sac,, 1943, 65,1253. 
** Foster and Broad, /. Chetn. Sac., 1945, 372. 













Abscissae: - /M- Abscissae: log|«/’e». 

Ordinates : jf, lo* mole.”^ g. Ordinates : x, g./g- 

Fig. 3c.— on ferric oxide gel at 6o® c. (ref. 12). 



Abscissae: log,,^««. ==/(ir). Abscissae: logie^ea- 

Ordinates : ^ , lo* mole."* g. Ordinates : x, g.g. 


Fig. 3<f.—wo-lWH on ferric oxide gel|at 25° c. (ref. 12). 



Abscissae: logi#^#*, «/(w). Abscissae: log^^eiM. 

Ordinates : j8r, lo* mole.-* g. Ordinates : x, cm.* g."*. 

Fig. 3e.—^NO on NaCl at — 90 ® k. c. (ref. 13), 


A series of published data have been plotted as dr/d log^ p against 
logts P » curves fall into two main groups: those showing a maximum 
in the values of /T (Fig. 3), and those showing no maximum (Fig. 4), The 
corresponding semidog isotherms are also given for comparison (marked 
a\ b', etc.). Fig. 3a exemplifies a true first order change, for p* rises to^ 

« Foster. Proc. Roy, Soc, A, 1934, I47» 131. 

Tompkins. Tram, Faraday Soc., 193$, 3a, 643. 
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infinity; such cases are rare* other examples being the adsorption of 
water and methanol on charcoal* quoted as a first order change by 
Bangham *; also n-heptane on silver given as first order by Jura* Loesser, 



Abscissae: logio/>cm. —/(’>“)• Absciss®: logj0;^em- 

Ordinates : , lo* mole.-^ g. Ordinates : x, cm.* g."*'. 

Fig. 4a.—SO, on charcoal at o® c. (ref. 14). 



Abscissae: logio/'cm. “Absciss®: log]o/>cB. 
Ordinates : p , 10* mole.”' g. Ordinates : x, lo"* mole. g.~'. 

Fig. 46.—CO, on charcoal at c. (ref. 15). 




Absciss®: log^io^om, «=/(«■). Absciss®: log^o^om. 

Ordinates : io» mole.~' g. Ordinates : x, io“* mole. g.~'. 

Fig. 41:.—^NjO on charcoal at o® c. (ref. 15)* 

Gregg* /. Chem, Soc., 1943, 551. 


»* Gregg, ibid., 1927, 1501. 
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Fig. 4^.—CfH^on 
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Fig. 4 $.—Nj on charcoal at o" c. (ref. 15). 
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Ordinates : x, 10mole. g.“^. 


Basford and Harkins,** The isotherms of Fig. 3c, ^d, 3^, show trans- 
formations of diffuse first order, as will be seen by comparison with 
column iii of Fig. i. A large number of isotherms given in the literature 
are of this type, showing diffuse first order transformations. The data 
of Fig. 2a, zb, 3b and 3c are derived from isotherms showing a pronounced 
hysteresis loop ; the curves for the desorption (full lines) and the adsorption 
(dotted) are very different, and show that the transformation is much 
sharper on desorption than on adsorption. 


Interpretation of Transformations. 

True first order transformations in bulk matter occur when one phase 
(as understood by the Gibbs phase rule) converts into another under a 
single set of conditions; at the transition point the two states coexist 
in macroscopic amounts and an infinitesimal change in conditions causes 
one phase to grow very rapidly at the expense of the other. Mayer and 
Streeter (loc. cit.) suggest that in the second order transformations, likewise, 
there are two phases, one growing at the expense of the other, but that the 
growth now occurs over a ngion of temperature at constant pressure (and 
therefore, presumably, over a region of pressure at constant temperature); 
the break in the P — F curve marks the compieHon of the second order 
transition. It is to be inferred from their paper that anomalous, diffuse, 

Harkins. Jura, Loesser and Basford, /. Chem. Physics, 1945, 13, 535. 
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and lambda funsrt order transitions are also to be interp^ted as showing 
the co-existence of two phases over a range of pressure; the rate of con¬ 
version of one phase into the other is a maximum at the peak of the dF/dP 
against P plot, but in these cases the interconversion still proceeds on both 
sides of the peak. 

The general resemblance of behaviour between trough films and bulk 
matter on the one hand (Adam and between trough films and films at 
the gas-solid interface on the other,* encourages us to apply these inter¬ 
pretations of three-dimensional transformations to the two-dimensional state 
found in the field of gas-solid adsorption. The curves of Fig. 3a to 3s are 
therefore to be regarded as demonstrating the occurrence of transformations 
taking place over a greater or less range of surface pressures. To gain 
some insight into the nature of the phases involved, it is helpful to con¬ 
struct the corresponding nA—vS curves and compare them with standard 
ttA— n curves of trough films, where n and A are measured directly and 
accurately. It is then found that whilst a close parallel may be drawn 
between certain gas-solid films and trough films, the latter usually exhibit 
sharper transitions, no doubt because they consist of molecules which are 
more anisodimensional and electrically anisotropic than those met with 
in gas-solid adsorption. However, the transformations in the films of 
Fig. 36 to 3s are found to resemble fairly closely the L| ^ L| conversion 
of trough films; the intermediate “ phase ** I seems to correspond to the 
transformation region itself, and so does not constitute a separate phase 
in the sense of this paper—it rather represents a mixture of two phases 
such as Li and L,. It is perhaps doubtful whether at this stage one is 
justified in concluding that the correspondence between the Li and L, 
phases in trough films and the analogous phases on solids is quite complete, 
principally on account of the more diffuse nature of the changes in the 
latter films to which reference has already been made. For example, 
the Li ^ Lt conversion in trough films commences, according to Harkins,** 
with a second order change Lj ^ / and finishes with a third order change 
I ^ La, so that the transformation Lj L, may be said to occur over a 
region / of (surface) pressure bounded by a second and a third order 
transformation ; in the gas-solid films of Fig. 36 to 3^ on the other hand, 
the interconversion occurs over a region which is not exactly defined at 
either end. 

The transformation represented in Fig. 3a, when similarly examined 
by use of the irA —wS curve, is found to correspond to the G ^ Lj, or 
the G ^ Lf conversion of trough films below the critical temperature 
(Tc); that is, it is analogous to a condensation in a bulk liquid. 

The curves of Fig. 4a, 46 and 4c are important in that they are typical 
of a large number of isotherms, particularly of gases adsorbed on charcoal. 
Unfortunately they are more difficult to interpret than those of Fig. 3. 
They may possibly represent the right-hand branch of a peak, the left-hand 
branch being absent owing to lack of experimental readings at very low 
pressures ; this, however, is unlikely, particularly in the case of Fig. 4a 
where the readings extended almost into the Henry's law range (x cc p). 

The curves, which essentially represent the variation of the “ surface 
compressibility of films with surface pressure, resemble in general form 
those for the variation of the bulk compressibility of bulk gases above 
their critical temperature with ordinary gas pressure ; this will be seen by 

1 dV 

reference to Fig. 5 which gives the curves of -p,. gp against P for (a) 

ethylene at 15® above, and (b) nitrogen »* at 162® above their respective 
critical temperatures. The curves of Fig. 4 and 5 both show the same steep 

Adam, Physics and Chemistry of Surfaces^ 1941# Ch. 2. 

*• Harkins, Young and Boyd, J, Chem. Physics, 1940, 8, 954. 

^* Masson and DoUey, Proc. Roy, Soc. A^ 1923, 103, 324. 

*• Amagat, Ann. Physique, 1893, 29, 68. 
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gnuii^t at the loiver pressures^ iiiMiiguig rather sharply into a small and 
nearly constant gracnent at higher pressures; similarly, dificulty is 
encountered in deciding whether the change in slope at X is sharp enough 



Abscissae: pressure, atmos. 
i dV 

Ordinates : -p ^ atmos."*. 

Fig. 5a. —Isothermal compression of 
C*H4 at 24*95® c. (ref. 19). 
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Abscissae: pressure, atmos. 
Ordinates : -p jp, atmos."*. 

Fig. 56.—Isothermal compres* 
sion of N| at 16® c. (ref. 20). 


to constitute a branch point or not. A branch point would signify a 
third order transfonnation.* It seems that there is very probably a third 
order transformation in Fig. 4a, b, and 5a. no transformation in Fig. e 
and 56, and possibly a third order transformation in the interme^ate 
case 4c. The state of the films is gaseous (G) throughout, in all these 
cases; but just as a highly comprised gas even above its critical tem¬ 
perature is virtually indistinguishable from a compressed liquid, so at 
the high pressure end of the diagrams are the films to be compart with 
either the or the L, states; reference to the corresponding mA —irS 
curves, which are linear in each case at the higher pressures, shows that 
state of the films is comparable to the L, rather than the Lx state. The 
presence or absence of a third order transformation merely shows whether 
the conversion from the dilute to the compressed film produced by in¬ 
creasing the pressure, proceeds absolutely continuously or not. 

It is satisfactory that in the comparable trough film curve ** for a 


• Our attention has been drawn to a recent paper by Lifshitz (Acta Physico^ 
chim., 1944. 19, 248), in which this author extends to trough films Landau's 
contention (Physift. Z, Sou^jetunion, 1937, 26 and 545) that trans¬ 

formations of third and diffuse first order are thermodynamically impossible 
in bulk matter. Lifshitz is thus led to regard the I region as merging continu¬ 
ously into the L| state ; moreover, its higher compressibility as compared with 
the L, state is taken as evidence of its higher degree of symmetry in molecular 
orientation—contrary to his views elsewhere in the paper and to general con¬ 
siderations, both of which would lead one to associate higher compressibility 
with lower symmet^>^ It is significant that Lifshitz* mathematical analysis 
ignores the possibility of molecular clustering, a phenomenon of great importance 
in transformations in bulk matter (cf, Streeter and Mayer (loc. cit,)). However, 
even if third and difiu.se first order transformations be thermodynamically im¬ 
possible, under conditions of true equilibrium, there is no doubt that in practice 
a difiuseness of first order transformations is frequently found with bulk matter ; 
and also that the compressibility curve often shows a sudden change in slope 
almost impossible to distinguish from the branch point of a third order change,, 
both in compressed films and in compressed guses above T^. It is possible that 
some or all of these cases represent pseudo^uilibrium only; nevertheless, in 
this where our main concern is to show correspondences, the terms third 

and disuse first order constitute at the least, a very convenient description of 
the phenomena* ^ 

« Adam and Jessop, Proc. Roy. Soc. A, 1926. lu, 377. 



CHANGES OF STATE IN ADSORBED FILMS 


132 

substance above its (film) critical temperature and below the tern** 
peratures T* aud T" (see Fig. iv of ref. •) the conversion from the dilute 
to the more highly compressed state is a third order transformation as 
far as one can judge. 

In view of the structural differences between molecules forming films 
at the surfaces of solids and those giving trough films, it is difl6cult at 
present to postulate detailed molecular models for the mechanism of 
gas-sohd phase transitions. The term “ phase in the present connection 
should be interpreted widely so as to include not only clustering (see 
Streeter and Mayer's treatment ’) but also to include particular states 
of orientation and rotation of the adsorbed molecules. A transformation 
then implies a change from one of these states to another. 

Importance of Equilibrium. 

The method given above of calculating the compressibility is based on 
the applicability of the Gibbs adsorption equation which relates to systems 
in equilibrium. The existence of hysteresis phenomena shows that the 
condition of reversibility is frequently unfulfilled in practice, and hence 
values of wS will not be calculated correctly from equation (i) ; if they 
were, an indefinite amount of work could be obtained by repeated passage 
round the hysteresis loop. In this connection it is significant that in his 
extensometric work on charcoal Bangham** found a lack of agreement 
between the value of irS calculated from (i) and that calculated from the 
extension of the adsorbent, only in those regions where phase changes were 
occurring and where hysteresis effects were accordingly marked. In his 
opinion f the anomaly is due to the absence of the correct conditions for 
the application of the Gibbs equation. 

Nevertheless, there seems no reason to doubt that even under irre¬ 
versible conditions, and p show a qualitative correspondence, in that 
an increase of p is related to an increase of nS even though the relation is 
no longer given by equation (i) ; whilst a change in the position and shape 
of the peak in the nA—nS curve is possible, the presence of a peak will 
still denote the occurrence of a transformation. The graphs of Fig. 36 
and 3d show that the change in position associated with the hysteresis 
loop is often small, though the sharpness of the transformation is different 
for adsorption and desorption. 

Monolayer]: Multilayer Transformation. 

The transformation which occurs when the adsorbed monolayer is 
completed and commences to thicken into a multilayer is of particular 
importance in connection with the determination of monolayer capacity 
from adsorption isotherms ; accordingly, curves of p' against log p have 
been evaduated from the limited data for adsorption on surfaces of known 
area (Fig. 6a, b and c). In all these cases, the completion of the close- 
packed monolayer is followed by sharply increasing values of and in 
none of them does the value subsequently fall. 

For example, the data of Palmer ** for benzene adsorbed on a known 
area of vitreous silica show a steep rise in the curve of /}' against log />, 
commencing where A 20 a.* Of the experimental points given by 
Bosworth for the adsorption of fatty acid vapours on mercury, only 
those for a-valeric and butyric acids are closely enough spaced at the 

**Bangham, Proc. Roy. Soc. A, 19^2, 138, 162. 

! Private communication. 

The term " monolayer " as used in this paper, implies that the surface 
has adsorbed on it, adsorbate units acting individually ; these units are usually 
single molecules, but may also comprise associated molecules. 

*• Palmer, Proc. Roy. Soc. A, 1937, 160, 259; loc. cit., 1935, 149, 375. 
Bosworth, Trans. Faraday Soc., 1932, 38, 903. 
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high pressure end to permit the oriN^iation of p '; but both of these give 
— log curves, as in Fig. 6 b, with a steep though not vertical branch 
commenimg where A ^20 a.* (the peak at lower pressures denotes a 
tran 8 h>rmation within the monolayer, probably CasseU's 

figures for carbon tetrachloride vapour on mercury similarly show a 
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Absciss®: logi^plpt — /(n). Absciss®: logj©/>//>,. 

Ordinates: /T, erg. cm.*. Ordinates: a*, mol. cm."*. 

Fig, 6 a, —a-Valeric acid on Hg at 15° c. (ref. 24). 
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Fig. 6b. —w-Butyric acid on Hg at 15° c. (ref. 24). 
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Absciss® : logi* P/p, «= /(«•). Absciss® : log,0 P/P,. 

Ordinates : p, lo* mole.~^ g. Ordinates : x, lo"* mole. cm.~*. 

rio. 6c—CgHg on vitreous silica at 25® c. (ref. 23). 


•* Cassell, Trans. Faraday. Soc., 1932, a8, 177, 
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riae commeixcmg at ^ set 25 a.* The xeaults of Bangham and MoaaHasn,** 
though much complicated by hysteresis effects, also give a rise cmnmencing 
in the region ^ ^ 20 to 25 a.,* for benzene vapour on mica; whilst Arm- 
bruster and Austin's data for ethyl iodide on a smooth surface of iron, 



Abscissae : logio/>/A — /(w). 
Ordinates : fr. 10* mole."* g. 


Abscissae : logjo PIP^. 
Ordinates: x,cm*gr^. 


Fig. 6 d . —N,on anatase at — 195*5® c. (ref. 28). 


though rather widely spaced, again yield a curve for which begins to rise 
when A falls to about 25 a.* In each of these cases the areas named lie 
in the neighbourhood of the figure for a just complete monolayer; and 
the significant point is that in no case does the — log p curv^e fall again 
after the rise. 

Many examples of adsorption on an unrestricted (though not plane) 
surface are provided by the adsorption of the inert gases on non-porous 
line powders. As an example the adsorption of nitrogen on anatase is 
given in Fig. bd, where the — log p curve is plotted. ViTiilst low pressure 
detail is absent (the data being taken from the published graph) the steep 
rise of the values of p' is again found. 

The evidence we have presented thus suggests that a peak in the 
P' — or p' — log p curve denotes a transformation within the mono- 
layer (cp. Fig. bh) ; a rising branch not followed by a falling branch is 
indicative of multilayer formation (provided, of course, that the isotherm 
has been carried to pressures close to saturation).* It must be borne in 
mind however, that whilst very few examples of adsorption isotherms 
taken to the saturated vapour pressure are cited in the literature, the 
conclusions we have drawn are substantiated fully by the data of aU the 
isotherms covering the full pressure range which we have so far en¬ 
countered. In cases of doubt, thermal data may be used with advantage : 
it is to be anticipated that the heat of adsorption would fall to a value 
near the latent heat when multilayer formation commences. Examples 
of the value of thermal data have b^n given by Bangham and Mosallem,’* 
by Brunauer and Emmett,•• and by Gregg.** •• If the transformation 

*• Bangham and Mosallem, Proc, Roy, Soc. A, 1938, 166, 558. 

Armbruster and Austin, J. Amer. Chem. Soc., 1939, 61, 1118. 

•• Harkins and Jura, /. Amer. Chem. Soc., 1944, 135^. 

♦ This does not in any way imply that multilayer formation can proceed 
indefinitely. Indeed, there is ample evidence to show that the adsorbed phase 
differs considerably from the normal bulk phase (see ref. 8, 18, also Cassel, 
/. Chem. Physics, 1945, 13, 249; Bangham, Nature, 1945, 157, 733 ; Bangham 
and Saweris, Trans. Faraday Soc., 1938, 34, 554). ^ 

•• Brunauer and Emmett, J. Amer. Chem. Soc., 1938, 60, 309. 
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should pxove to be a change the monolayer, the multilayer trans- 

formation being absent* the monolayer capacity can still be obtained as 
the reciprocal of the slope of the high pressure branch of the vA against 
urS curve* if this branch is rectilinear (Gregg.*). 

The correctness of these tests for multilayer formation is confirmed 
by a consideration of the data of Lambert and Foster ** for the adsorption 
of water oh silica gel at 70® c. The isotherm (Fig. ya*) is similar to that 
in Fig. 36' or 3^'; the point X has frequently b^n taiken to denote the 
completion of the monolayer* and the following branch XY as due to 
multilayer formation (cf. Brunauer, Emmett and Teller or to capillary 
condensation (Foster ••). On plotting the data as p' against log p (Fig, 7a) 
however, the part XYZ is found to include a peak, indicating a transforma¬ 
tion within th$ monolayer \ this conclusion is confirmed by the value of 
the difierential heat of adsorption (calculated from the 60® c. and 70® c. 
isotherms) which xemains at about 11,400 cal. mole.~^ (the latent heat 



Abscissae : logjoPcai. ^ f{n). 
Ordinates ; , lo* g. 


Abscissae: logio^em. 
Ordinates : x, g./g. 


Fig. 7.—^H ,0 on silica gel at 70® c. (ref. 30). 


being 10,000 cal. mole.“^) throughout the region of the transformation. 
There is, moreover, a further branch to the isotherm (ZW) which cor¬ 
responds to an upward rise, but not a peadc in the p' against log p curve; 
it occurs at pressures very close to saturation.* It is (Ufficult to interpret 
this second rise in the isotherm if the preceding peak is ascribed to multi¬ 
layer formation or capillary condensation ; the suggestion that it is due to 
condensation of bulk liquid on the gel is discounted not only by the fact 
that the final pressure was below saturation, but also by the experimenters* 
observation t^t at no time could liquid water be detected on the outside 
of the gel." On the views advanced in this paper, the second rise in the 
isotherm is to be ascribed to multilayer formation. 

Interpretation of Adsorption Isotherms. 

The expressions we have derived relating the film compressibility to 


•• Lambert and Foster. Proc, Roy. Soc, A» 1932. 134* 246. 

Bmnauer, Emmett and Teller, /. Amer. Ckem, Soc.^ 1938, do, 309. 

•• Foster, Trans. Faraday Soc., 1932. sS, 652. 

*Thi8 part of the isotherm (close to saturation vapour pressure) was deter¬ 
mined in a separate experiment. Although the overlapping parts of the two 
experiments do not correspond exactly (due to a slight change in the adsorbent), 
the sharp increase in x is unquestionable. 
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the experimental values of adsorplion x and equilibrium pressure p, make 
it possible to of^er an interpretation of the characteristiGS in isotherms 
in terms of changes of state in the adsorbed him. Thus an increase of 
X occurring at constant pressure in the isotherm immediately reveals the 
existence of a true hrst order transformation. Similarly a branch point 
in the isotherm would show the occurrence of a transformation of the 
second order. 

We have presented evidence, however, to show that such well-defined 
transformations are rarely encountered in practice; instead, changes in 
the film are usually blurred so that assignment of the order of the trans¬ 
formation may be difficult in comparison with the three-dimensional 
state. Whilst the diffuse nature of the changes shown in Fig. 3 and in 
Fig. 4 may in certain cases be due to the lack of experiment^ detail in¬ 
herent in the determination of adsorption isotherms, the widespread nature 
of the phenomenon, and in particular the family resemblance of the curves 
of Fig. 3a to e, and \a to c strongly suggest that the diffuse nature of the 
change is a very general characteristic of two-dimensional transformations 
occurring in the pressure range normally investigated in solid-vapour 
adsorption. 

The diffuse type of transformation leads to points of inflection in the 
isotherm so that the latter appears continuous. But the existence of 
transformations shows that in general adsorption cannot be represented 
as a continuous function of pressure, so that the attempts, often made, 
to find a single, universally applicable equation to reproduce the ad¬ 
sorption isotherm over the whole range from zero to the saturated vapour 
pressure are bound to be unsuccessful (cf. Gregg,®* Harkins and Jura*). 

Summary. 

Published evidence for the occurrence of phase transformations in adsorbed 
films on solids, and for the existence of phases resembling the gaseous, liquid- 
expandc*d and liquid-condensed phases of films on water is cited. Just as in 
bulk fluids phase transformation may be exhibited by means of curves of com¬ 
pressibility against pressure, so in adsorbed films they are revealed by plotting 
the two-dimensional compressibility p against surface pressure. 

A method for the calculation of p from the adsorption isotherm is given ; 

it is shown, however, that a plot of -i f = fl' = ^^5?, x — adsorption in 

d logt V 5 

mole., p — equilibrium pressure, and 5 — surface area) reproduces the general 
shape of the curves of B against tt. Examination of the plots of p* against log p 
for a number of published isotherms show that: (a) true first order transforma¬ 
tions are rare; (b) diffuse first order transformations are common ; (r) third order 
transformations are sometimes found ; (d) whilst a true or diffu.se first order 
transformation between two pha.ses in the monolayer (such as Lj ^ £,) gives 
rise to a maximum in the curve of p' against log />, multilayer formation is 
exhibited as a rising branch not followed by a falling branch. 

Since at any point in the isotherm P' is related to the gradient of the isotherm, 
tiansformations within the film are reflected in the sliape of the isotherm. The 
significance of these results for the determination of the monolayer capacity 
of the adsorbent is discussed. 

The authors are grateful to Dr. D. H. Bangham for the benefit of 
discussions with him on film behaviour. 

University College, 56, Edge Hill Court, 

Exeter. Edge Hill, S.W.ig. 

•• Gregg, /. Chem, Soc., 1942, 704. 



A THERMODYNAMIC STUDY OF BIVALENT 
METAL HALIDES IN AQUEOUS SOLUTION. 
PART XVI-COMPLEX ION FORMATION IN 
ZINC HALIDE SOLUTIONS. 

By R. H. Stokes.* 

Received iith November, 1946. 

In Part XV * data were presented tor the vapour pressure lowerings 
of mixed solutions of 1: i and 2 : i salts such as 2KCI. MgClf. It was 
shown that the lowerings could be calculated from those of the component 
salts by a simple additivity rule. The results were interpreted as meaning 
that complex ions, if present at all, occur only to a small extent in the 
solutions studied. Similar studies of mixtures of the zinc halides with 
other salts are now reported, and deductions are made about the nature 
and extent of complex ion formation in these solutions. 

Experimental. 

Table I gives the v.p. lowerings (Ap) of mixtures of the zinc halides with 
alkali halides, obtained by isopiestic measurements using NaCl or KCl or H,SO| 
as reference substances. The molalities listed are based on the formulae given 
at the head of each column : thus 0*5 m. KiZnCl, means a mixture 0*5 m. with 
respect to ZnCl, and 1*5 M. with respect to KCL Table III gives the Ap*s of 


TABLE I.— Vapour Pressure Lowerings of Mixed Solutions of Zinc 
Halides and Alkali Halides (in mm. Hg). 


M. 

KZnCl«. 

KtZnCU. 

KiZnUt. 

NatZaCU. 

UtZoCU. 

K^ZnBr^. 

KsZnlt. 

0*1 

1 

0*190 

0*263 

o-33(> 

0*263 

0*264 

0*268 

_ 

0'2 

0-374 

0-5*5 

0-653 

0*518 

0*522 

0-54* 

0*561 

0-3 

0*544 


0-938 

0-767 

0*779 

0*822 

0*863 

0'5 

0'853 

1*152 

1*422 

1*252 

1*282 

*-390 

1*526 

07 

1*124 1 

*‘493 

i*8io 

1*712 

1*794 

1-863 

2*i8 

1*0 

1*486 

1*927 

2*294 

2*362 

2-583 

2-485 

3*04 

1*5 

2*0I6 

2*523 

3*146 

3*34» 

4*oo8 

3*309 

4*10 

2*0 

2*508 

3'064 

— 

4*299 

5-576 

4*01 1 

4*96 

2*5 

3*01 b 

3-580 

— 

5*37 

7-19 

4*66 


yo 

3*5*3 

4*080 ! 

1 

— 1 

6*45 

8-95 

— 

— 

3*5 

4*03 

4-56 

— 

7*54 

10-80 

— 

—— 

4-0 

4*5* 

4-99 

— 

— ' 

12-58 

— 

— 

5*0 

5*53 

5-88 

—, 

— 

15-88 

— 

— 

6*0 

6*64 

6-77 

— 

_ 1 

18-60 

— 

— 

7-0 


7-73 

—— 

i 

20-45 


—. 


mixtures of zinc and magnesium halides, obtained by isopiestic measurements 
against CaCl|. This table shows the effect of a varying Zn : Mg ratio at a con¬ 
stant total molality. The mol fraction of zinc salt in me mixture is denoted by 
JT. All the values refer to 25^ c. 

* Robinson and Stokes. Trans, Faraday Soc,» 1945, 4L 752* 

* Present AddressDept, of Physical Ciiemistry, The University, Cambrid|e. 
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Discussion. 

The Variation of the Relative Molal V.P. Lowerings with Concentra¬ 
tion. — Fig. I, prepared from the data of Table I, compares 
for mixtures of the t)rpe KjZnQ* with those of the normal mixtures 
KgMgCL and LitCaCL studied in Part XV. The curve for K«Znl4 re¬ 
sembles the nornW tjrpe up to about 0*5 m.» then turns downwards and 
falls rapidly. The same effect sets in at a lower concentration in K^ZnBri, 
and in K^ZnCL the effect is so marked that there is no maximum but only 
a slight inflexion about 0*3 m. 

The similarity of the three curves suggests that a complex of the 
same type is formed in each case, but most readily in the chloride mixtures 
and least readily in the iodides. The striking dependence of 
on the nature of the alkali-metal constituent is illustrated by curves III,. 
IV and V. An explanation of this effect is advanced later. 

The A/^’s of these mixtures are smaller than for normal mixtures due, 
in part, to the abnormally low values found for the zinc halides themselves. 
This can be allowed for by calculating the deviations of the mixtures 


Kig. I. —Relative molal 
vapour pressure lower¬ 
ings in zinc halide— 
alkali halide mixtures. 

1 — KjZnL. 

II -- KjZnHr^. 

III K,ZnCl4. 

IV = NajZnCl^. 

V := Li.ZnCL. 

VI KjMgCl^. 

VII Li,CaCl4. 


from the additivity rule (cp. Table II). In each case large positive 
deviations appear at quite moderate concentrations, where normal 
mixtures show deviations of only 1-2 %. The test cannot be carried 
out above i M. except in the case of the LiCl—ZnCL mixtures, owing to 
lack of knowledge of the v.p.’s of the alkali halides at the high ionic 
strengths involved. Table II is again consistent with a complex forma¬ 
tion process, resulting in a diminution of the osmotic effects of the mixtures 
as compared with those of their constituent salts. The rapid increase 
of the deviations with concentration, and especially the manner in which 
they incre^e through the series KZnCl,, KjZnCL, K^ZnCl*. suggests 
an equilibrium involving a fairly high power of the halide conceiltration, 
but apart from this it would be difficult to decide on any one of the following 
processes : 

(a) Zn++ -h Cl~ ZnCl+ (b) -f- aCL ^ ZnCI, 

(c) Zn^^ -h 3CI- ^ ZnCl,“ (d) Zn++ 4C1“ ZnCL*- 

or even higher complexes. Fortunately there is other evidence which 
mak^ it possible to elinunate (a) and (b) as major effects : in concentrated 
solutions of the zinc halides the transport number of the zinc ion becomes 
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negative,* paseing through zem 2U, in ZnCl„ 2*8 m. in ZnBri, 

and 3*5 M. in Znl,. Negative transport numbers can be explained only 
by the formation of complex anions as {c) or {d). 

The following considerations strongly suggest that the type ZnX4— 
is the main complex anion present. The data of Table III, obtained by 


TABLE , II.— Per cent Deviations of Data of Table I from the 
“ Mixture Rule.’' 


M. 

KZnCl,. 

KsZnClg. 

KtZaCls. 


LiiZnCli. 

KgZiiBrg. 

K«ZaI«. 

0*1 

-2*3 

4*0*8 

0*0 

4-0*4 

4-2*6 

-0*7 

— 

0*2 

— 2*2 

4-0*2 

+ 1-8 

■f 2*1 

+ 6-1 

‘"0*2 

-0*4 

0*3 

4-0*4 

4-2*2 

+ 5-8 

+ 3*6 

+ 8-9 

4-0*2 

-0*3 

0*5 

+ 5*4 

-i-9‘4 

+ 13-7 

+ 6*7 

+ I4'2 

4-1*7 

4-0*0 

0-7 

+ 9*b 

4-15-0 

+ 21-4 

+ 10*5 

+ 18-3 

4-7*0 

+ 1*7 

1*0 

+ 15*0 

+ 23-7 

+ 31-4 

+ 15*6 

+ 23'5 

+ 13*3 

+ 4*7 

1 


M. 


2*0. 

2*5- 

3*0. 

3*5. 

4*0. 

Li,ZnClg devn. 

+27-6 

1 

+ 27*6 1 

+24*9 

+ 20*5 

414*3 

4-9*0 


Deviations are calculated as (A/>c*ic."A/>obi.)ioo/A/>c»ic.r so that a positive sign 
indicates that the observed v.p. lowering is smaller than the calculated. 


interpolation at certain high total molalities in the experimental iso- 
piestic ratio curves for mixtures of zinc and magnesium halides, have 
been plotted in Fig. 2. If both salts were normally dissociated the curves 
should be nearly straight lines, since the additivity rule ^ would result 
in the Ap for any mixture being a linear combination of those of its 
constituent salts in the ratio x/{i — x). Instead, the curves approximate 
towards a linear drop between the pure magnesium halide and the x : i 
mixture, followed by a nearly horizontal portion between this and the 
pure zinc halide. Assuming that the complex ion has high stability, 
it will in all cases be formed to the maximum possible extent. Then 

TABLE III.— Vapour Pressure Lowerings of Mixtures of Zinc and 
Magnesium Halides at Constant Total Molalities {x mol. Frac¬ 
tion or Zinc Salt in Mixture). 


Salts. 

Total 

M. 

^ p , mm. Hg. 

* 0. 

* - o*333* 

X = 0500. 

X « 0*667. 

* *» I. 

Chlorides 


9-98 

(>•14 

5*00 

4*<^5 

4*44 

Chlorides 


13*3^ 

8*45 

6*68 

6*26 

6*07 

Chlorides 


20 ♦ 

13*30 

10*37 

9*71 

9*5h 

Bromides 


M*54 

9*3C‘ 1 

7*<>3 

7*15 

6*8o 

Iodides t 


• 5*^6 

10*32 j 

8*3S 

7*67 

7*39 


• Estimated by extrafH^lation from saturated MgCl*. 

f The X values for the iodides were actually : o, 0-339, 0*507, o*t>8o, and 1. 


a solution of pure ZnClg of molality m. contains the ions Zn+‘^ at a con* 
centration of M./2, and ZnClg— at M./2. In the mixture of ZnCl, and 
MgCl, in the m<iiar ratio 2/1, {x = 0*667), at the same total molality m., 
the anion will still be “entirely ZnCl«—, of concentration m ,/2 ; the cations 

* Harris and Parton, Trans. Faraday 5oc., 1940,36,1139; Parton and Mitchi^M^ 
ibid., 1930, 35, 758; Stokes and Levien, /. Anter. Chem. Soc., 1946, 68, 1852. 

























140 


STUDY OF BIVALENT METAL HALIDES 


will be 0-333 and 0167 m. Zn++ Since it ba» beat ehown that 

the free zinc ion has very nearly the same osmotic ejects as4he 
ion,* this solution should show nearly the same vapour pressure lowering as 
pure ZnCL, i.e. we postulate ^ osmotic equivalence between Zn[ZnCl4] 
and Mg[ZnCl4]. At x ^ 0-5, in the equimolal mixture, th»*e is still just 
enough zinc to bind all the chloride in the ZnCL— complex, so the solution 
will consist of M./2 ZnCl4~“ and M./2 Mg++. Again it should show the 
same Ap as the pure ZnCl^. But for aU mixtures with x < 0-5, the position 
is different. There is now only enough zinc to bind part of the chloride, 
so, e.g. at = 0 333 the ions present are ZnCL— at 0-333 m., C 1 “ at 
0*667 M.. and Mg++ at 0*667 m. Clearly such a solution will show a greater 

Ap th^ those with x > 0*5, and as the 
zinc is progressively replac^ by mag¬ 
nesium the Ap will rise steadily to that 
of pure MgClf In this idealised case 
(where the process Zn++ -f 4CI- ZnCL— 
is assumed to have a very large equi¬ 
librium constant) the graph of Ap against 
X for constant total molality should be a 
pair of sharply intersecting straight lines, 
horizontal between x = 0*5 and x = i, and 
sloping down between ;r = o and = 0*5. 
The curves found approach this form; 
the break is definitely centred on x ^ 0*5, 
but is rounded off because of a compara¬ 
tively small equilibrium constant. Since 
the equilibrium constant involves the fourth 
power of the chloride activity the increasing 
sharpness of the break with increasing con¬ 
centration is also explained. 

Similarly if ZnCl,“ were the complex 
formed the break would set in at x «= 2/3, 
while the formation of ZnClg— or 

ZnClg-would give breaks at x =« 2/5 

and = I /3 respectively. Fig. 2 shows 
that ZnCL— is the complex formed, and 
that if any other occurs, it is only to a 
very small extent and that the abnor¬ 
malities of cone. ZnBr, and Znl, solutions 
are due to the formation of the complex 
ions ZnBr*— and Znli—. We see in 
Table II that with K^ZnCL, K,ZnBr4 and 
KsZnl4, the deviations appear soonest in 
KjZnCL, next in KjZnBr4, and last in 
K,Znl4, confirming that the order of de¬ 
creasing stability of the complex ions is 
ZnCL—— ZnBr4——Znl4—- 



Fig. 2 .—Vapour pressure lower¬ 
ings of mixtures of zinc and 
magnesium halides at con¬ 
stant total molality. 

I = ZnCl,—MgClj at m -- 7. 

II = Znlj—Mgla at M ~ 5. 

III ~ ZnBr,—MgBr, at m = 5. 

IV = ZnClj—MgCl| at M — 5, 

V = ZnClj—MgClji at m -- 4. 


Sillen and Liljeqvist * have recently reported results of potentiometric 
titrations at 25°, which confirm this. They also consider that with the 
chloride and bromide, at least, higher complexes than ZnX+ are formed 
but have not considered the possibility of ZnX4— formation specifically. 

There is crystallographic evidence in favour of the existence of the 
ZnCL— grouping in the work of Klug and Alexander.* who concluded 
from an X-ray study of ammonium pentachlorzincate that ZnCL— forms 
one unit of the lattice, so that a more suitable formulation of this salt 
would be NH4C1* (NH4)tZnCl4. The ion was found to be tetrahedral, 

* Stokes and Levien. J. Amer. Chem. Soc., 1946, 68, 333. 

* Sillen and Liljeqvist. Svensk. Kent. Tid., 1944, 56, 85. 

* Klug and Alexander. /. Amer. Chem. Soc., 1944, 66, 1056. 
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with a distance cd A number of workers have studied 

Raman spectra of zinc halide solutions. Hibben * found tor ZnClt 
a shift of 275 cm.~i which was intensified considerably by the addition 
of NaCl: he attributed this to a Zn-^l vibration in the undissociated 
m<^ule, though the possibility that it is due to a mode of the ZnQ4— 
ion does not seem to be excluded. Da Silveira ^ found shifts of 108 and 
286 cm.""*: a value as low as 108 can scarcely correspond to a pure vibra* 
tioUi and is more likely to arise from one of the bending mi^es of the 
comf^ex. 

We must next seek some explanation of the very marked dispersion 
shown by the Up Imp ^ curves for KfZnCU, Na,ZnCl4, and LitZnCl4. At 
high concentrations we should expect these to behave as i : 2 salts like 
the alkali sulphates, yet the latter • show very little variation with the 
nature of the alkali ion. We can scarcely claim that the extent of the 
formation of ZnCl4— decreases as we p^ through the series, as the 
chloride ion activity is almost certainly greater in liCl than in KCl, 
which should, if an^^ing, increase the amount of complex formed. The 
explanation would seem to be rather that in the case of alkali^metal and 
ZnCU— ions the amount of Bjerrum ion-pair formation is very sensitive 
to the size of the hydrated cation. This would be expected if the sum 
of the ionic radii is near the critical value of 7 a. The of the hydrated 
potassium, sodium and lithium ions are respectively about 1*9, 2>i, and 
2*6 A., while the ZnCl4 — radius may be roughly estimated as 3*2 a. The 
change in the radius sum brings LitZnCl4 much nearer to the critical size 
than KtZnCl4, so that the latter should form ion-pairs to a greater extent, 
with a consequent diminution in its A/>, as is observed. With the sub¬ 
stantially sm^ler sulphate ion, however, ion-pair formation is dominant 
regardless of the cation, so that little dispersion is shown. 

In conclusion the author wishes to thank Dr. R. A. Robinson for many 
helpful discussions of the problems involved in this work. 

Summary, 

The anomalies found m the va|K>ur pressure lowering of mixtures of the zinc 
halides with alkali-metal and magnesium halides are accounted for by the 
hypothesis that complex anions of the type ZnX4— are formed. This also ex¬ 
plains the negative Iransfxjrt numbers of zinc in concentrated halide solutions. 
Other explanations such as ZnCl, or ZnCl,- formation are shown to be inadequate. 
The order of decreasing staV)ility is : ZnCl4——ZnBr^——Znl4—. 

Auckland University College, University of Western Atistralia, 

New Zealand, A ustralia, 

•Hibben, J, Chem. Physio,., 1937, 7 *^* 

’da Silveira, ibid., 1939 , 7 . 380 . 

• Robinson, Wilson and Stokes, J. Amer. Chem. Soc., 1941, 63, 1011. 


THE OXIDATION OF SULPHUR DIOXIDE IN 
SLOW COMBUSTION PROCESSES. 

By G. Whittingham. 

Received December, 1946. 

Many gaseous oxidations are chain reactions probably involving the 
participation of free atoms or radicals, such as H. O, OH ^d HO,. Qnly 
by a chain mechanism is it possible to explain the existence of sha^y 
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defined explosion limits, the influence of inert gases, the inhibiting efiects 
of surfaces, and the marked effect of small amounts of catal]^ and 
inhibitors on reaction rates. 

Whilst the kinetic evidence for chains is overwhelming there is a great 
need for techniques which can give independent proof of the existence 
and nature of the active carriers in oxidation reactions. Methods involving 
the introduction of externally produced atoms or radicals have been used 
to stimulate oxidation but these do not necessarily identify the chain 
carriers. There is interest in the role of O atoms, particularly in relation 
to the combustion of hydrocarbons, and Gaydon ^ has recently attributed 
the yellowish-green emission, given when small amounts of NO are added 
to various flames, to the association process, NO -f O =» NO, -|- 
(continuous). This technique of adding NO was used to obtain a quali¬ 
tative estimate of the atomic O concentration in flames. 

Dooley and Whittingham * have studied the oxidation of SO, in flames, 
using both physical and chemical methods for the estimation of SO« and 
the results appear to indicate that SO, formation is brought about thmugh 
reaction of SO, with atomic O. The amount of SO, produced was much 
higher in CO-air flames than in luminous, smoky CH 4-air flames and this 
was in agreement with the atomic O concentration as revealed by NO 
addition. Moreover, substances known from the work of Harteck and 
Kopsch ® to react vigorously with atomic O brought about a reduction 
in the amount of SO, formed. 

In studies of the oxidation of P carried out by Taus2 and Gdrlacher.* 
and Melville,® the effect of certain substances on the upper ignition limit 
was greater than could be explained by the normal inert gas effect and 
this was attributed to direct removal of O atoms by the retarding sub¬ 
stance X, i.e. X -h O = XO. 

For SO,, which was a relatively weak inhibitor, Melville calculated 
the probability of reaction of SO, with O at 20® c. to be 6 x io“*. In a 
similar way Emeleus,* who showed that SO, was an inhibitor for the 
SiH*—O, reaction, calculated the probability of reaction at 100® to be 
077 X IO“*. 

In contrast to the high reactivity with atomic oxygen, SO, is relatively 
inert to molecular O, except in the presence of a catalyst, such as platinum 
or iron oxide. A consideration of these facts and the results on the 
oxidation of SO, in flames indicated that the oxidation of SO, when added 
to systems undergoing slow combustion would appear to be a suitable 
technique for the detection of O atoms. The presence in the products of 
combustion of even a few parts per million of SO, is reflected in a marked 
increase in the dewpoint, for the measurement of which the electrical 
conductivity method *• ’ was available. 

The first part of the present paper describes some further work in which 
SO, was added to samples withdrawn from a Bunsen flame. In this 
way complications due to the oxidation of H,S, CS, and other S com¬ 
pounds formed as intermediate products when SO, is added directly to 
coal gas flames were avoided. The second section deals mainly with the 
oxidation of SO, during the slow combustion of CO, a preliminary account 
of wliich has already been published; ® some experiments on the slow 
combustion of CH,, methyl ^cohol, n-hexane and ether are also included. 
Oxidation of the latter two substances at temperatures of 200^-300® is 
characterised by “ cool flame ** emission and the formation of peroxides. 

^ Gaydon, Proc. Roy, Soc. A, 1946, 183, 211. 

* Dooley and Whittingham, Trans. Faraday Soc., 1946, 43, 354. 

* Harteck and Kopsch, Z. Elektrochem., 1930, 36, 714. 

® Tausz and Ghrlacher, Z. anorg. Chem., 1930, 190, 95. 

* Melville, Trans. Far^ay Soc., 1934, ^ 3 ^- 

* Emeleus and Stewart, J. Chem. Soc., 1935, 1182. 

’ Johnstone, Univ. Illinois Eng. Exp. Sin. Circ. No. 20, 1929. 

* Whittingham, Nature, 1946, 157, 550. 
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I. The Oxidation of 80^ in Gaeee Sampled from 
Coal Gas Flames. 

Experimental. 

Sulphur dioxide was used direct from a siphon and CO and CH. were obtained 
from cylinders. Nitric oxide was prepared by dropping cone. H,S04 on to a 
mixture of KI and NaNO| and was stored over water. Lead tetraethyl and 



methylene chloride were A.R. products and the vapours were introduced into 
the system by blowing a steady stream of dry air through saturators containing 
the liquid and maintained at a constant temperature. 

The sampling line for the withdrawal of gas from a fully aerated Bunsen 
flame and for examining the subsequent reactions with SO, is showm in Fig. i. 
It consisted of a quartz tube of i cm. diam. and 15 cm. length narrowed down 
to a jet, 0*2 cm, diam. at one end. Side arms were situated at distances of 3 cm., 
7 cm. and 10 cm. respectively from the jet and the other end of the tube was 
connected by a quartz-Pyrex ground joint to the dewpoint element. Details 
of the dewpoint method for estimating the SO, content of the gases have been 
described by Dooley and Whittingham,* who gave curves relating the dewpoint with 
the HjSO, contents for ga.ses containing 15 % and 10 %H ,0 vapour respectively. 

Sulphur dioxide was introduced through any of the side arms. A, B, or C, 
and other vapours and ga.ses through D. Samples from the flame were withdrawn 
by means of a water pump and the volumes of all gases were measured on flow 
gauges containing dibutyl phthalate. When the jet was inserted into the flame 
there was a rapid drop in temperature over the first few cm. of the tube, but by 
means of a suitably wound heater it was po.ssible to maintain the temperature 
of the tube from side arm A to the dewpoint element at a reasonably constant 
figure of 300'' c. 

In these and subsequent experiments in which the H ,0 vapour content of 
the combustion gases could range from 0*1 % as in the slow combustion of CO, 
to 15*0 % as in a Bunsen flame, it was necessary to extend the.dewpoint—H^SO* 
measurements to include gases having a low' H ,0 vapour concentration. These 
measurements were carried out on a CO flame containing small amounts of added 
SO, and to which var\’ing amountsof H, w'ere supplied. The SO, contentof the gases 
w as determined by the chemical method described by Dooley and Whittingham. 

As Fig. 2 shows, the dew'point of the gases was much more dependent on 
the concentration of SO, than on that of H ,0 vapour, and dewpoint changes 
can be attributed to change.s in concentration of SO, and not to H ,0 vapour 
formed in the oxidation processes. For example, in the slow combustion of 
methane the H ,0 vapour content might increase 2- or 3-foId with a rise in furnace 
temperature of 50“ c. ; this would only increase the dewpoint by a matter of 
10®. On the other hand, the formation of only 10 parts per million of SO, would 
increase the dewpoint by 30® or 40® c. 

Region of Formation of Active Gentrea in the Flame. —Sulphur dioxide 
w^as admitted through side arm A and samples of gas were withdrawn from various 
regions of the flame at a constant rate of 1-5 l./min. Fig. 3. on which the 
approximate dimensions of the flame zones are superimposed, gives the % con¬ 
version to SO, when 0*4 % SO, by volume was added to the products of com¬ 
bustion and the sampling point moved vertically upwards along the axis of^the 
flame. The concentration of centres responsible for the oxidation of SO, appesrs 
to be low in the inner cone but rapidly increases towards the tip of the outer 
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coiie: Not until a r^ion well above the flame is fe^had does it lall to a low 
value. On Ihe addition of NO to the flame a $rem glow, only visible in a datlmned 
room, extended above the flame, but it wad not possible to determine whetiber 

the disappearance of this glow coincided 
with the rapid fall of centres to a low 
concentration as revealed by the oxida¬ 
tion of SO|. 

Decay of Gentres In the Sampliiift 
Tube.—At a given point in the flame, 
the production of active centres will be 
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Fig. 2.—Variation of dewpoint with Fig. 3.—Oxidation of SO, when added to 
HgSO^ content for gases having gases sampled from various regions 
different water vapour content. of Bunsen flame (w'ith approximate 

size of flame zones superimposed). 


governed by the various flame processes and wdll be sensibly constant. In the 
sampling tube the concentration will diminish away from the flame owing to 
reactions both in the gas phase and at the surface of the tube. These chain 
termination processes are known to depend on the presence of added ga.ses and 
on the diameter and the state of surface of the tube, but a detailed investigation 
of the latter two factors was not carried out. 

The decrease in concentration of centres under constant sampling conditions 
was shown by admitting SO, through the side arms A, B, and C in turn and 
measuring the SO, formed. To ensure that the time available for reaction should 
not be appreciably lessened as SO, was admitted successively through A, B and C, 
a tube was used in w'hich the distance from side arm C to the element was 40 cm. 
Table I gives the % conversion to SO„ as 0*4 % by volume of SO, was added 
through side arms A, B and C, i.e. at distances of 3 cm., 7 cm. and 10 cm. re¬ 
spectively from the flame. The samples were withdrawn from the central region 


TABLET TABLE II. 


Distance from 
flame in cm. 


%so,. 

% SO,. 

%so,. 

3 


0‘008 

0*1 

0*004 

7 


0*004 

0*2 

o*oo6 

10 


0*002 

0*4 

0*008 




1*0 

0*012 




2*0 

0*020 

of the outer cone. 1 


detailed analysis 

4-0 

0*023 

of the extracted gases 

was not carried 

50 

0*026 


out but the amount of oxygen present in I 

the samples drawn from this region was 

less than 0*2 %. Towards and beyond the tip of the outer cone, where secondary 
air was diffusing in, the amount of O, present rapidly increas^. It is evident 
that the concentration of centres diminishes with the path traversed but they are 
still detectable in a region 10 cm. from the flame, i.e. after a time of o*3-o*4 sec. 
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VarlatJkm of 50a formed with ^d kmm otyation of SOj.—Gas was sampled 
from the cehtrat regton of the outer cone and SO^ was admitted through side 
arm A. The amounts of SOg produced* expressed as % of the total gas* with 
varying concentrations of SOf are shown in Table II. For concentrations of 
SO| up to 2 % the amount of SO^ produced appears to follow the relationship 
SO* — KV so* ; but for higher concentrations of SOj, the SO* tended to reach 
a limiting value. 

£IKect of Added Gases. —In this series of experiments various gases and 
vapours were introduced into the main stream through side arm A* and 2 % by 
volume of SO* was introduced through B. In this way the extent of interaction of 
the added agents with active centres* over the region of the tube from A to B, could 
be ascertained from measurement of the SO* content with and without the added 
agent. 

Fig. 4 shows that the change in SO, content varies with the concentration 
and nature of the added gas, and the eHect can be related to the known reactions 
of these substances with atomic oxygen. Methane was more effective than CO 
in reducing the SO* content of the gases. In a study of this'^^^OCl sensitised 
H,—O* reaction* Dainton and Norrish • showed that the addition of small amounts 
of CH* brought about a great increase in the length of the induction period and 
effectively quenched tuition. They attributed this effect to reaction with the 
chain species. CH* - 1 - 0 *= CH, -f H, 0 - 

Harteck and Kopsch's work showed 
that whilst both gases were relatively inert 
to O atoms at room temperature* CH* was 
more reactive than CO. Methylene chloride, 
on the other hand, was highly reactive to 
O atoms and reference to Fig. 4 shows that 
its presence in the gas stream reduced the 
amount of SO, formed to a greater extent. 

Similarly* Pb(C*H*)*, which Melville * 
showed to be a comparatively strong in¬ 
hibitor of tihe phosphorus oxidation, was 
even more effective in bringing about a re¬ 
duction in the amount of SO, formed. In 
the course of its oxidation a yellowish-white 
substance was deposited on the walls of the 
tube and, after several runs, the end of the 
dewpoint element became covered w'ith a 
thin yellowish layer. \NTiilst recent work 
has shown that the presence of certain par¬ 
ticulate deposits on the nose of the devr- 
point instrument may influence the state j-Tig. 4.-—Effect of various reagents 
of condensed films and so complicate the on the oxidation of SO, added 

interpretation of dewpoint data, it is con- to gases sampled from a Bunsen 

sidered that the effect of Pb(C,H,)* here can flame, 
be attributed to its reactions with atomic 
oxygen. 

The results obtained with NO and NO, (prepared by premixing NO with 
O, and leading the mixture into the main gas stream) can also be considered 
in the light of their known reactions with O atoms. The addition of NO, has 
been found to reduce induction periods and promote ignition in mainy oxidation 
reactions, and this is generally attributed to its role in providing O atoms, viz. 
NO* = NO -f O — 71-5 cal. 

However this may be* for small additions of NO, the amount of SO, produced 
remained almost constant, whilst larger amounts led to a reduction in SO* 
content. This is probably due tb the competitive reaction by which NO, is 
known to remove O atoms, i.e. NO, -f O = NO -f O,. Nitric oxide was more 
effective than NO, in its effect on the SO, content and this is considered to be 
due to the removal of O atoms by NO -j- O = NO, -|- 71*5 kcal. This reaction 
is responsible for the yellow-green emission obtained when NO is added to ffames 
containing atomic O. Under the conditions of these tests no emission was ob¬ 
served* probably because of the relatively low concentrations of O atoms. Any 
detailed interpretation of the reactions between NO, NO„ O and SO, is obscured 
by the formation of complexes between the nitrogen oxides and $ 0 , and SO,. 
AjN:er a series of tests had been done involving NO,* a whitish substance collected 

• Dainton and Norrish, Proc. Roy. Soc. A, 1941, 177, 393. 

Loienz and Whittingham (unpublished work). 
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in the cooler regions of the sampling system beyond the element, which gave a 
positive test for nitrate and sulphate. The formation of such complexes has 
abo been observed by Painton and Reagh^^ 

Tlie Oacidation or SO^ during the Slow Combustion of Carbon Monoxide. 
A fiow method was adopted in which mixtures of the combustible gas and 0 | 
to which small amounts of SO| had been added, was passed at a rate of 400-500 cc. 
a minute through a Pyrex tube, 2*5 cm, diam. and 25 cm. long, placed in a furnace. 
The temperature of the furnace, measured by a chromel-alumel thermocouple 
inserted at the side of the reaction tube, was raised at a steady rate of 5® c,/min. 
The SO, in the exit gases was estimated from a dew-point measurement, the 
end of the dewpoint element being inserted into the end of the tube by means 
of a ground glass joint. As the determination of a dewpoint is a com¬ 
paratively rapid process, the SO3 content at any time can be related directly 
to the conditions in the reaction tube with only a small time lag. Undried CO 
direct from a cylinder was used. 

The oxidation of CO, in common with other chain reactions, is markedly 
dependent on the state of the reaction vessel, and during the first few runs, whilst 
reaction rates steadied dowm, a qualitative estimate of the SO| content in the 
exit gases was carried out in the following way. The dewpoint element w’as 
replaced by a bubbler containing water through which the gases passed, and 
the amount of HjS04 mist formed above the liquid was observed visually. 
Experience has shown this to be a good qualitative indicator of SO, concentration, 
and mist production can be observed with an SO* concentration of 10 parts in a 
million. 

A CO : 3O2 mixture to w'hich i % SOi had been added was passed through 
the heated tube at 450 cc./min. No mist was observed above the bubbler until 
the furnace temperature was 600° c. but at about 600^-620® as the luminescent 
region was reached, the mist increased in density. Just prior to ignition the 
density of mist was extremely high and after several runs it was passible to 
predict when ignition wa.s about to take place. 

Although the ignition tem¬ 
perature fluctuated somewhat 
at first a steady figure of 
665® c. was finally obtained 
under the conditions UvSed. 
The results of quantitative 
measurements of the SO9 con¬ 
tent are shown in Fig. 5 and 
demonstrate the increase in SO# 
which takes place over a range 
of about 50® prior to ignition. 
It was not possible to maintain 
a steady flame in the tube after 
ignition but that there was a 
high concentration of centres in 
the flame was shown in the 
following way. The tempera¬ 
ture of the dew'point element 
wa.s maintained about 10® c. 
above the dewpoint value de¬ 
termined just prior to ignition. 
As each separate flame pulse 
passed down the tube there was 
a big increase in conductivity 
across the element, i.e. a film 
Fig. 5.—Effect of water vapour and iodine on HgSO^ w^s deposited on the 
the oxidation of SO, during the slow element, indicating a still higher 
combustion of CO. dewpoint as a result of the flame 

reactions. 

The Influence of Iodine and Water Vapour. —In view of the well-known 
inhibiting influence of I, and the catalytic influence of H ,0 vapour on the CO 
oxidation, some experiments were carried out to determine how the growth 
of centres, as reveal^ by the SO, formed, w'as affected by each of these reagents. 

The gases used in the tests already described contained small amounts 
(about 0‘09 % by volume) of H ,0 vapour. Increasing amounts of H ,0 vajwur 
were introduced into the system by passing a stream of O, through H ,0 in a 

Dainton and Reagh, Trans. Faraday Soc., 1946, 4a, 363. 
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saturator maintained at 20° c. and alioMring this to mix with the main stream 
before the reaction vessel. The volumes of Og used in the main stream and in 
the water by-pass were always adjusts so as to give the same total volume 
passing through the heated tube. It was soon apparent that an increase in the 
HiO vapour content brought about an increase in the concentration of centres 
and a higher conversion to SO# was given, SO, being detected at lower temper¬ 
atures tlmn with the normal gases. The results are shown in Fig. 5. 

Although the concentration of SO, at ignition was higher in the wetter mixtures 
the actual value of the ignition temperature was altered only slightly. This 
indicates that the centres responsible for the oxidation of SO, in the wet reaction 
are not directly involved in the proce.sses leading to ignition. There remained 
the possibility that H ,0 vapour catalyses the heterogeneous oxidation of SO,. 
As the surface oxidation, as measured by passing an O, + i % SO, mixture through 
the heated tube, was extremely low a packed tube was used in order to increase 
the surface area/volume ratio. With a packed tube having an area/volume 
ratio 6 times greater than the unpacked tube, the SO, content of the exit gases at 
600° rose to 0*1 %. When the water content was increased from 0-09 to 2*0 % 
the amount of SO, produced w'as 0*05 % ; H ,0 vapour has then an inhibiting 
effect on the heterogeneous oxidation. 

Small amounts of I, were produced in the system by passing a slow stream 
of O, through iso-propyl iodide maintained at a constant temperature in a 
saturator and allowing it to mix with the main stream. Decomposition of 
iso-propyl iodide at temperatures of 500^-600° c. is extremely rapid but it was 
not possible to utilise the mist technique for the qualitative estiniate of SO, 
because of the formation of a cloud of iodine, some of which passed through the 
absorbing solution. Dewpoint measurements showed, however, that the SO, 
content of the exit gases had been greatly reduced by the I,, even when 2 % H ,0 
vapour was added to the reacting gases (see Fig. 5). 

During the course of these determinations a slight increase in conductivity 
across the element was given when the dew’point element was cooled down, but 
this decreased in value with further cooling. The production of a conducting 
film over a definite temperature range is probably due to the deposition of I,. 
Subsidiary experiments in which a film of I, was thermally deposited on the 
element and the latter inserted into a gas having a known HjSO, content, showed 
that the detection of HjSO, condensation is unaffected by the presence of a film 
of I, on the element and the reduction in SO, concentration in the above experi¬ 
ments is definite, and can be attributed to the influence of I, on the combustion 
reactions. In the presence of I, the ignition temperature of the CO—O,—SO, 
mixture was raised considerably. 

II. The Oxidation of Methane, Methyl Alcohol, Hexane 

and Ether. 

Methane from a cylinder was used without further purification. Methyl 
alcohol, w-hexane and diethyl ether were all redistilled before use. and suitable 
mixtures of these with oxygen were obtained by bubbling O, through saturators 
containing the liquid and maintained at a constant temperature. The com¬ 
bustion of CH, and methyl alcohol was carried out in the same tube as used 
for CO—oxygen, and a CH, : 3O, mixture containing i % SO, was passed through 
the tube at a rate of 450 cc./min. 

The oxidation of CH, is characterised by induction peritxls preceding slow 
reaction or ignition and the duration of the induction period is known to depend 
on mixture composition, pressure, temperature and other factors. Around 
400® c. the induction period has a duration of many minutes but this is reduced 
to seconds as the temperature increased to the ignition temperature. Under 
the conditions of the experiments described, the time of contact of the gases 
was of the order of 10 sec. so that the initial stages of combustion were studied. 
Sulphuric acid mist production in the bubblers was first observed at a tem¬ 
perature of about 540*^ and thereafter it increased in intensity up to the ignition 
temperature of <>00'' c. The density of mist just prior to ignition was not so high 
as in the case of CO and this is borne out by the quantitative estimate of the SO, 
formed. The variation of SO, content with temperature is shown in Fig, 6. 
Measurements of the SO, content during the propagation of flame were not 
carried out becaoae the violence of the explosions tended to blow the dewpoint 
element out of the ground glass joint. With a 25 % CH,OH mixture containing 
I % SO|, SO, formation set in at still lower temperatures and ignition was 
observed at 560° (see Fig. 6). ** 
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For observations on the oxidation of hexane and cttier an apparatsu was uwd 
similar to that described by Emeleus “ in his observatkms on the ^ectmtn of fae 
cool flame of ether, acetaldehyde and CS*. This consist^ of a Pyrex 
in length and i cm. diam. through whidti the combustil^ mixture and SOf .was 
passed at a rate of 300 cc./min. The end of the tube, prior to the dewpoint 
element, was electrically heated over a lengrii of 10 cm., and the exit gases 
passed through the bubblers for observation of mist formation. 

With a mixture containing ro % 
ether, mist was observed even in the 
absence of SOf This was first de¬ 
tected at a gas temperature of 
and it increased in intensity until a 
dense fog was obtained at 240^ c.; 
at this temperature, marked exother¬ 
mic reactions were taking place in 
the reaction tube. Because the tube 
was enclosed and end-on vision was 
obscured by the presence of the dew¬ 
point element it was not possible to 
observe any luminescence in the 
reaction zone, except on isolated 
occasions w'hen pale blue flashes 
passed down the tube. The events 
described were very similar to those 
discussed in detail by Mardles and 
co-workers.^* 

The formation of this mist natur¬ 
ally obscured the detection of H^SOi 
Fig. 6.—Oxidation of SO, during slow when SO* was added to the system, 
combustion of methane and methyl but there was a definite increase in 
alcohol. the intensity of mist when SO* 

was added. Dewix)int observations, 
which were obtained in spite of deposition of tarry material on the end of the 
element, showed that SO, formation was taking place, e.g. at 210® c. the % SO, 
in the exit gases was 0*004, for an SO, content of i‘0 %. 

Mixtures containing 30 % hexane gave a similar ^haviour over a slightly 
higher temperature range and in the presence of the S oxides tar production was 
increased. It is interesting to compare this result with the influence of SO, 
on C deposition from coal gas flames,** and tlie suggestion of Cloud and Black¬ 
wood that the formation of SO, in the combustion of fuels in Diesel engines 
leads to deposit trouble due to the attack of hydrcx:arbons by SO,. 

Discussion. 

The above results tend to support the conclusion drawn by Dooley 
and Whittingham, that oxidation of SO, in the sampling tube takes place 
through reaction with O atoms formed in the flame. As might be ex¬ 
pected, the extent of oxidation is much less than that which occurs when 
SO, is added to the flame itself, this being due both to the rapid re¬ 
combination of free atoms in the sampling tube before SO, mixes with the 
hot gases and to the lower prevailing temperature. As the amount of 
free O, in the gases sampled from the central region of the outer cone was 
very low, O atoms probably disappear through the three-body process, 
04 - 0 >fX = 0 , -fX, rather than through the ternary collision, 
O -f O, + X = O, + X. The lifetime of the free atoms was found to 
be of the order of 5 x io~^ sec. corresponding to a concentration of the 
order of io~* mm. It is doubtful whether oxygen would act as a remover 
of O atoms under the experimental conditions used above as any ozone 
formed through O -f O, -f X = O, -f X, would tend to decompose and 
re-generate O atoms. The influence of the various added agents on the 
amount of SO, formed, as indicated earlier, is in harmony with their 

Emeleus, /, Chem. Soc., 1926, 2948. 

i* Gill, Mardles and Tett, Trans, Faraday Soc., 1928,14, 574. 

** Whittingham, Nature, 1945, 156, 207. 

*• Cloud and Blackwood, Soc. Automotive Engrs., 1943, 51, 408. 
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known propertiea of either yielding B atoms through thermal dissociation 
(e.g* NOf s» NO 4- O) or removal oi O htoms through direct reaction, 
processes which, as Harteck and Kopsch (loc. cit.) have shown, are highly 
exothermic. It is not possible, however, to obtain values for the relative 
efficiency of collision of atomic O with the added gases because secondary 
reactions between the products of such collisions and SO* tend to obscure 
the issue. 

Under constant sampling conditions it appears that the addition 
of SO* to gas^ withdrawn from dames and measurement of the SO* 
formed, would serve to give some evidence as to the region of formation 
and concentration of O atoms in flames. Gaydon has pointed out that 
in addition to the direct association, SO, - 1-0 = SO„ oxidation of SO, 
might occur through a termolecular process, viz. SO,-f 04 “M=SO* 4 'M, 
and would therefore be dependent on the nature and concentration of 
other constituents in the pn^ucts of combustion. A study of the spectra 
of S oxides in flames suggests that the direct association accompanied 
by the emission of a continuous spectrum, can take place and it is also 
possible that SO*, having six vibrational degrees of freedom, can absorb 
the energy of reaction without requiring a three^body collision. 

In order to interpret the results obtained on the oxidation of SO, 
during the slow combustion of CO it seems best to recapitulate briefly 
the kinetics of this reaction. Under the experimental conditions described 
the phenomena are those associated with the upper limit of ignition. The 
“ wet oxidation is known to proceed by a chain mechanism in which 
the rate of reaction is proportional to the H ,0 vapour concentration and 
the CO concentration, and inversely proportional to the O, concentration. 
The development of chains is considered to take place through the 
following sequence of reactions : 

h|o + M i H*+ OH + 

CO + OH = CO, + H 
H -f O, 4 X “ HO, -f- X [Propagation 
HO, 4 CO = CO, 4 OH J 

and chains are terminated at the surface of the vessel. Oxygen atoms 
do not participate directly in the chains but can be formed through 

H 4 O, = OH 4 O 

a process which is fairly fast at temperatures around 6oo° c. 

Examination of Fig. 5 and 6 show that the technique described is 
sensitive enough to detect the presence of O atoms below the ignition 
temperature where ordinary methods of analysis show that the rate of 
reaction is slow. As the temperature increases, the concentration of 
centres increases rapidly but, as the results on adding H ,0 vapour show, 
the conditions for ignition are not directly related to the concentration 
of such centres. Oxygen atoms are. in fact, incidental to the main process; 
but any means by which the H atom concentration is affected, e.g. through 
dissociation of H ,0 or removal by I,, will influence the concentration of 
O atoms. The inhibiting effect of I, on the CO-oxidation is attributed 
to reaction with H atoms, i.e. H 4 I, = HI 4 I, and with OH, or 
HI 4 OH = H,0 4 I. 

I^e data for the oxidation of SO, during the combustion of CH*, 
methyl alcohol, hexane and ether are as yet insufficient to justify very 
deflnite conclusions about the nature of the species responsible for the 
formation of SO* but the fact that oxidation of SO, takes place to a 
measurable extent even at temperatures as low as 200^-250®, is sufficiently 
promising to justify further work. 

Gaydon, Trans. Faraday Soc., 1946, 4a, 362. 

Gaydon and Whittingham (in course of publication). 

Hinshelwood. The Kinetics of Chemical Change (O.U.P., 1940), p. 170. *** 



ISO OXIDATION OF SULPHUR DIOXIDE 

The initial stages of combustion of paxBJSin hydrocarbons have been 
the subject of much discussion and two main theories have been advanced. 
The hydroxylation theory postulates the successive replacement of H 
by OH; Norrish's modification of this involved a chain mechanism 
with atomic oxygen as the active carrier, 

CH4 + O = CH, 4- H ,0 
CH, -f O, = CH ,0 + O, 

but objection to this has been raised on the grounds that CH4 is relatively 
inert to atomic O. It is interesting to note, however, that the degree 
of oxidation of SO, was highest during the slow combustion of CH,OH 
and it is known that CH,OH is extremely reactive to O atoms, the 
exothermicity of this reaction being sufficient to give a flame.*® 

The peroxidation theory advanced by Callendar, and supported by 
Egerton and others, postulates the formation of a peroxide which can set 
up a series of chain reactions through 

R 4- O, = RO, 

RO, 4- RH = RO,H 4 “ R. 

Decomposition of the hydroperoxide can yield aldehydes and OH radicals 
which maintain chains through RH 4- OH = R 4- H, 0 . 

The observation therefore that SO, is oxidised during the combustion 
of hexane and ether may be of value in determining the role of peroxides 
in low-temperature oxidation. The work of Townend and collaborators ** 
suggests that under suitable conditions the “ cool fiames observed in 
hydrocarbon combustion (the emission from which is due to the production 
of excited formaldehyde molecules) can give rise to normal ignition 
through a two-stage process in which the decomposition of peroxides may 
produce centres responsible for chain branching at higher temperatures. 

Hydroxyl radicals are known to play an important part in gaseous 
combustion and there is the possibility that SO, can react with OH, i.e. 
SO, 4- OH == SO, -f H, but this reaction is endothermic and likely to 
be slow in comparison with SO, 4- O = SO,. 

Examination of the spectra of flames containing S oxides shows 
that the normal emission from electronically excited OH is diminished 
but this may be due merely to de-activation and not direct chemical 
reaction between SO, and OH. 

This work forms part of a programme of research on boiler deposits 
and corrosion sponsored by the Boiler Availability Committee and I am 
indebted to the Chairman of the Committee for permission to publish 
this work. I would like to express my thanks to Dr. D. H. Bangham and 
Mr. A. Dooley for their interest and many suggestions and to Prof. H. W. 
Melville for some constructive comments. 

Summary. 

The oxidation of SO, when added to a coal gas flame has been studied, using 
a dewpoint meter for the measurement of SO,. The amount of SO, formed 
varies with (a) the concentration of SO,, (6) the region of the flame from which 
the samples are withdrawn and (c) the presence of substances known to generate 
or react with atomic O. 

The oxidation of SO, during the slow combustion of CO, CH,, methyl alcohol, 
hexane and ether has also been investigated and the nature of the species re¬ 
sponsible for the oxidation of SO, in each of these processes is disscussed. 

The British Coal UtilisoHon Research Association, 

13 Grosvenor Gardens, 

London, S.IT.i. 

Norrish and Foord, Proc. Roy. Soc. A, 193b, I57» 203. 

*• Geib and Vaidya, Proc. Roy. Soc. A., 1941. 178, 351. 
e.g. Townend and Topps, Trans. Faraday Soc,, 1946, 43, 345. 
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Introduction. 

1. Empirical Saltin^>out Equations. —In the following, the term 
** salting-out ” signifies the phenomenon of change of solubility of a non¬ 
electrolyte, molecularly distributed in a solvent, as a result of the addition 
of a soluble electrolyte to the system. Usually, the non-electrol)rte 
concentration is thereby decreased ; the expression “ salting-in describes 
the corresponding case in which the solubility increases. 

Several empirical equations have been used to relate salting-out to 
electrolyte concentration. An appropriate equation must be primarily 
concerned with-the solubilities of the non-electrolyte in the pure solvent 
(So) and in the electrolyte solution in that solvent (S), and the solubihty 

S — S 

ratio Sft/S, or the simply related relative solubility change —, has 
frequently been used. 

Setschenow’s original empirical equation* for the absorption co¬ 
efficient, y, of carbon dioxide in a salt solution at a given temperature, is 

y = ae-*'/*.(i) 

where a is the absorption coefficient for carbon dioxide in water, x the 
dilution of the salt and k' a constant. This may be rewritten 

S==5oe-i«^.(ii) 

where c is the salt concentration and k the “ salting-out constant **, or as 

In ~ ^ Ac.(iii) 

(cp. Rothmund *) and is hereafter referred to as the Setschenow equation. 
As a measure of salting-out k has been widely adopted. Many other 
empirical relationships have been recorded,* most of which reduce to 
equation (iii) when (5„ — 5), or AS, is small. Larsson * illustrated the 
approximately additive nature of k, showing 

A = A+ + A- . . . . (iv) 

where A4. and A, are cationic and anionic salting-out constants respectively. 
Linderstrom-Lang > has obtained evidence indicating that whilst A is largely 
dependent on the electrolyte, it is also dependent to a lesser extent on 
the non-electrolyte (see also Randall and Failey *). 

* Setschenow, Z. pkysik. Chem., 1889, 4, 117. 

* Rothmund, ibid., 1900, 33, 402. 

•See, for example. Jahn, ibid., 190a. 41, 257; Linderstr/m-Lang, CompL 
rend. trav. lab. Carlsberg, 1924, 15, No. 4, 1 ; Glasstone and Pound. J. Chem. 
Soc., 1925, 137, a66o; Chase and Kilpatrick, jnr., J. Amer. Chem. Soc., 1931, 
S3, 2589, 2594 ; Gross, Chem. Rev., 1933, 13, 89 ; Markham and Kobe. J. Amer. 
Chem. Soc.l 1941, 63, 449, 1165 ; Morrison, Trans. Faraday Soc., 1944, 40» 43. 

* Larsson, Z. ^^siA. them., 1931, I53« ^99- 

* Kandall and Failey, Chem. Rev., 1927, 4, 285, 291. 
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Some coxifusion has existed in the literatnre with re^^ard to the nanm 
associated with A5 and A5/5. It appears reasonable to call AS the 
salting-out and AS/S the rdative saltingrout; this nomenclature will 
be used in the following. 

2. Theories of Saltinft-out. —Explanations of the salting-out efiect 
can be divided into two groups. On the one hand it was considered * 
that the presence of an electrolyte increased the internal pressure in the 
solution, and thus decreased the solubility of the non-electrolyte solute. 
On the other, it has been suggested that the solvation of ions forms the 
essential basis of the salting-out effect because concentration of the 
solvent molecules round the solute ions must reduce the solvent power 
for the non-electrolyte solute. Modern quantitative theories of the salting- 
out effect have been concerned only with the latter view. 

Thus Debye and McAulay ^ accept as the criterion of polarity, and 
therefore of the degree of solvation, the change of dielectric consent of 
the liquid at a given temperature when a non-electrolyte is dissolved in 
it. They assume that 

D = i)o(i — j8n — p'n') . . . . (v) 

where D and Do are the dielectric constants of the solution and pure 
solvent, p' and jS, n' and n the dielectric decrements and concentrations 
of the electrolyte and non-electrolyte, respectively. Using the Bom 
solvation energy equation» and the Debye-Huckel limiting equation» the 
final form of the equation is 


ln/== 


2 DJcTb 


(vi) 


where b is the mean effect ionic radius, / the activity coefficient of the 
non-electrolyte solute, and the other symbols bear their usual significance. 
Also, since the chemical potentials of the solid non-electrolyte and that 
in solution are equal, then 

Sofo = 5/ .... (vii) 

/o being the activity coefficient of the non-electrolyte when in a saturated 
solution in the pure solvent. If /© = i, then from (vi), the Debye and 
McAulay equation is of the same form as that of Setschenow, 

Debye formulated a more rigid analysis by expressing the free energy 
of the ions as a function involving the energy of their coulombic fields, viz., 




{DF)* 
8irD * 


(viii) 


where F is the field strength at a given point, and deduced expressions 
showing the distribution of the non-electrolyte in the vicinity of an ion 
as a function of the distance from it, and hence calculated the total amount 
of non-electrolyte salted out. 

Butler calculated the Maxwellian distribution of the solute and solvent 
non-electrolyte round an ion on the basis of the equation 

W = {^PdFbV .... (ix) 
J 0 


where W is the work done in bringing a molecule from infinity to a point 
near the ion where the field is F, P the polarisation of the non-electrol5rtc 
molecule, F the field at a given point, and bV the volume of the solvent or 


• von Euler, Z. fhysik. Chem., iSgg, 31, 360. 

^ Debye and McAulay, ibid,, 1925, a6, 22. 

• Bom, Z. Physik, 1920, i, 45. 

• Debye and Hfickel, Physik, Z,, 1923, 34, 183. 
Debye, Z, physik. Chem., 1927, 130, 56. 

“ Butler, J. Physic. Chem,, 1929, 33, 1015. 
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tton-electrol3rte solute. As P = otP, iiie distribution may be expressed m 
terms of the polarisabilities, and otg, of the solvent and solute. Butler 
obtained 

^ ^ . 4 irN ^e*Ci .. 

S “ 2 D*kT ^ b * ’ * ^ ' 

where At/j is the volume of the non-electrolyte molecule and Ci the con- 

D -- i 

centration, in g.-ions per litre, of electrolyte. Substituting a = - 

4w 

and shows that equation (x) is nearly equal to equation (vi) 

Dp.* 

The three theories described involve the following assumptions. 

(i) The origin of the salting-out effect is purely electrostatic; (2) the 
ions may be treated as solid spheres; (3) the solutions are very dilute 
(this assumption is involved in Debye's theory by the use, inter alia, of 
the limiting expression for the charging and discharging of an ion and 
the energy of a unit volume element near the ion, and in Butler's theory 
by the use of «*/f* as the field near an ion) ; (4) there is an absence of 
dielectric saturation effects in the neighbourhood of the ions. Assumption 
(3) has been examined theoretically by Gross,'* who showed that the 
effect of interionic attracticm in less dilute solutions would be to reduce 
the salting-out in comparison with that obtained by Debye's equation. 

3 . Previous Work.— Few attempts to examine the above described 
electrostatic theories have been made. Gross '• has shown that acetone 
is salted out from aqueous solutions by most simple electrolytes, but 
hydrocyanic acid is salted in as would be expected from the theory owing 
to the fact that the polarisabdity of the latter is higher than that of water. 
Quantitative agreement was fair but the calculated results were too low. 
Albright and Williams showed from measurements of dielectric con¬ 
stants of solutions of ethyl acetate in water that the results of Glasstone 
and Pound for salting-out in this system could be calculated well from 
Debye's theory. 

Conversely, anomalies to Debye's and Butler's theories obtain in the 
existence of certain non-electrolytes which are salted out by some electro¬ 
lytes and salted in by others.'* The same non-electrol^e must have 
essentially the same polar properties in different electrolytic solutions at 
the same temperature, so that it appears that some of these anomalies 
originate from the electrolyte. The latter usually appear to contain 
large negative ions as I"*, C 10 ,“, NO,-, etc., and it is relevant to refer here 
to Sugden's reportof negative hydration numbers for some anions. 

It is therefore seen that the scope and extent of the attempts to verify 
the degree of applicability of the electrostantic theories of salting-out 
has been very limited. It appears that the following subjects particularly 
require experimental examination, (i) Anomalous examples of salting-in, 
referred to above ; (2) salting-out in dilute solutions under conditions of 
concentration at which the limiting laws of the theories might be expected 
to apply (work at concentrations of electrolyte less than about 0*25 n. 
involves difficulties in the accurate determination of A 5 ); (3) the effect 

* This assumption is dependent on the approximation — = In which 
in many practical cases involves an error of 10-20 %. 

'‘Gross, Monaisek., 1929, 53 -S 4 » 445- 

'•Gross and Iser. Site. Acad. Wien., 1930, 139, 178. 

'•Albright and Williams, Trans. Faraday Soc., 1937. 33t 247. 

'•Glasstone and Pound, J. Chem. Soc., 1925, 2660. 

'• Linderstr0m-Lang, ref. •. 

Sugden, J, Chem. Soc., 1926, 174. 
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of the coxistitution of the non-electrolyte ; (4) the e£Eect of dielectric con¬ 
stant variation. The last of these four factors, i.e« the comparison between 
theoretical results and those of experiment for the variation of the 
saltingKiut effect with changing force of attraction between ion and solvent 
molecules, would seem of paramount importance in the examination of 
the range of applicability ^ the electrostatic theories. The following is 
a report of measurements of the salting-out effect in organic solvent- 
water systems of continuously varying composition. 

Experimental. 

1. The Choice of a System. —^The main criteria for a suitable system in which 
to examine the variation of salting-out with dielectric constant are: (1) the 
system must allow as wide a range as possible of dielectric constant values ; 
{2) the solubility of the added solute non-electrolyte must not vary greatly during 
the change of dielectric constant of the solvent medium ; (3) an accurate xnethod 
must be available for the estimation of the solute non-electrol3rt6 ; (4) the 
solubility of the latter should be comparatively small to avoid inaccuracies 
caused by small temperature fluctuations. 

The systems chosen were benzoic acid in methanol-, ethanol- and dioxan- 
water mixtures. These obey the above criteria reasonably well, and the use of 
the two alcohols enables the salting-out to be examined under isodielectric con¬ 
ditions in different solvents of similar type. All solutions were 0*01 M. with 

TABLE I.— ^The Solubility of Benzoic Acid in Methanol-, Ethanol- 
AND DIOXAN-WaTER MIXTURES (WITH 0*01 M. SODIUM BeNZOATB) AT 25® C., 
WITH AND WITHOUT 1*025 M. NaCl. 


(«). 

(b). 

(«). 

(»)‘ 


ic). 

♦ Dioxan 



Water 



5*132 

0*0384 

0*0265 

- 

0*0276 

0*0185 

9*944 

0*0555 

0*0394 




9*979 

0*0548 

00392 

♦ Ethanol 



15*31 

19*99 

24*24 

0*0853 

0*1304 

0*201 

0*0625 

0*1008 

0*163 

5*54 

997 

14*99 

00331 

0*0418 

0*0569 

0*0241 

0*0315 

0*0476 

♦ Methanol 


15*4* 

0*0589 

0*0495 




17-84 

0*0729 

0*0657 

5-306 

0*0326 

0*0227 

20-14 

00925 

0*0886 

10*08 

0*0400 

0*0288 

25-08 

0*171 i 

0*183 

i5*ob 

0*0508 

0*0383 

30-64 

0*350 

0*390 

20*51 

0*0707 

0*0557 

35-21 

0*585 

0*642 

24-85 

0*0956 

00773 

40*16 

0*919 

0*976 

30-44 

0*1507 

0*1272 

4234 

1*051 

1*105 

35-75 

0*253 

0*219 

49*74 

1*698 

1*672 

40-68 

0*384 

0*340 

54-58 

2*135 

2*090 

46-79 

0*691 

0*624 




52-63 

1*059 

0*961 




58-72 

1*555 

J[*395 




61-99 

1-96 

1-78 





* Solubilities aLte recorded in g. moles of benzoic acid per looo g. binary 
solvent in all cases. 

(a) Weight % of non-aqueous component of binary solvent. 

(b) Solubility in binary solvent. 

{c) Solubility in binary solvent containing 1*025 m. NaCl. 

respect to sodium benzoate in order to repress the ionisation of the benzoic acid ; 
1*025 M. NaCl (cf.^*) was used throughout. Since dielectric constants are 
not available for benzoic acid-NaCl solutions, or of benzoic acid solutions, t^ 

Morrison, ref. *. 
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Values oi the dielectric constants erf ^e solutions recorded in the literature for 
medianol ethanol- •• and dioxan-** water mixtures have been used. 

In ^e case of alcohol-water systems, accurate solubility measurements were 
mimd impracti^ble above about 65 % w/w methanol and 55 % w/w ethanol 
owing to the high v^ues attained and the relatively laige effect of temperature 
fluctuations. For dioxan-water mixtures containing more than about 23 % w/w 
dioxan^ two solvent phases separated out on the addition of benzoic acid when 
NaCl was present. 

TABLE II,— ^Dbnsitibs of Benzoic Acid Solutions in Methanol-, Ethanol- 

AND DiOXAN-WaTER MIXTURES (WITH 0*01 M. SODIUM BENZOATE) AT 
25® C. WITH AND WITHOUT 1-025 M. NaCl. 


(«). 


(*)- 


(C). 


(rf). 


(•). 


Water 


— 

1 0-9980 

1 0-9992 

1 1-0392 

1-0395 

Dioxan 

5*^32 

1-0023 

1*0042 

* 0433 

1*0441 

9*944 

1*0065 

1*0083 

1*0472 

1*0481 

9*979 

1-0067 

1-0084 

*0473 

1*0482 

15*31 

I-OIII 

10134 

1*0520 

1*0539 

19-99 

* 1*0148 

1-0178 

1-0558 

1*0572 

24-24 

1-0183 

1*0221 

1*0592 

I *0612 

Methanol 

5306 

0*9897 

0*9901 

1*0295 

1*0301 

io-o8 

0-9808 

0*^24 

1*0216 

1*0224 

15-06 

0-9732 

0*9750 

0*0135 

IOI45 

20-15 

0*9654 

0*9671 

1*0055 

1*0067 

24-85 

0-9584 

0-9612 

0*9989 

1*0005 

30*44 

0-9496 

09538 

0-9897 

0*9920 

35*75 

0*9404 

0-9462 

0-9802 

0*9847 

40*68 

0-9314 

0*9403 

0-9710 

0*9780 

4679 

0-9188 

0*9535 

0-9584 

0*9688 

52-63 

0-9072 

0-9310 

0-9463 

0-9635 

58-7* 

0-8962 

0-9262 

0-9366 

Ethanol 

5*54 

0-9882 

0*9896 

1*0286 

1*0296 

9*97 

0*9815 

0*9826 

1*0215 

1*0224 

14-99 

0-9746 

0*9765 

1-0144 

1*0158 


0-9739 

0-9758 

I 0139 

1*0150 

17-84 

0-9705 

0-9727 

1*0103 

IOII6 

20-14 

0-9672 

0*9696 

1*0064 

i*oo8i 

25*08 

0-9596 

0-9623 

0*9982 

1*0005 

30-64 

0-9506 

0-9569 

0*9881 

0*9926 

35-af 

0*9420 

0-9526 

0-9789 

0*9873 

40-16 

0-9315 

0-9492 

0-9677 

0*9822 

42*34 

0*9277 

0*9477 

0-9634 

0*9803 

49-74 

54-58 

0*9109 

0*9446 

0-9455 

0*9737 

0*9000 

0 - 944 * 

0-9344 

0*9706 


(f) % of non-aqueous component of binary solvent. 

(0) Density of mixed solvent. 

(c) Density of mixed solvent saturated with BzOH. 

( 4 ) Density of mixed solvent containing 1-025 NaCL 

(e) Density of mix^d solvent containing 1-025 m. NaCl saturated with BzOH. 


AkerlOf, y. winter. Ohstm, Soc., 193^* 4125. 

Akerldf. and Short, ibid., 1936, 58, 1341 
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2 . Method.— The solvents wore purified by published methods," wad miactmes 
prepared by weight. These were stirred under thermostatic condirions 
^5-00 ± o-o6° c.) for 7* hr. with a large excess of prepared ** benxoic acid, 
samples being withdrawn and examined after 48 and yz hr. to ascertain that 
measurements were made at equilibrium. All exjwrimenta were carried out in 
triplicate. The acid was estimated by titration with standard baryta solutes 
and the solubilities calculated as g. mole./iooo g. solvent (see Table I). The 
densities of all solvents and saturated solutions at 25® c. were determin^ in 
the normal way, using a specific gravity bottle of 50 ml. capacity (see Table II). 

3. Results.—These are illustrated in Fig. i, where the relative salting-out, 

is plotted against i. In all cases the relative salting-out initially decreases 

with decrease of dielectric constant, and minima occur in the alcohol-water 
systems at about 58 % w/w methanol (D — 51) and 30 % w/w ethanol {D «= 61^). 
In the range 27-42 % w/w ethanol, salting-in occurs. It is stres^d that the 
relative salting-out is markedly different under isodielectric conditions m the 
three systems. 



Fig. I.—Relative salting-out and dielectric constant. 
Calculated. Observed. 

-—A—A— Methanol-water, 

-—O—G— Elthanol-water. 

. —V—V— Dioxan-water. 


Discussion. 


The linear section of each ^ can be represented by an 


equation of the type 


S D 


(xi) 


where K and C are constants, K is negative and C is greater than K/U. 


Bjerrum and Zechnwister, Ber., 1923, 56, 894 (methanol) ; Higenberger, 
J, prakt. Chem., 1931, 130, 75 (dioxan) ; cf. also Organic Solvents, Weissberger 
and Proskaucr (Oxford, 1935)- 

** Prepared by mixing equal parts of macrocrystalline pure and finely ground 
pure bcnroic acid, cf. Hulett and Allen, /. Amer. Chem. Soc., 1902, 24, 667. 
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From the equation 

AS fi£ntz,*e* 

S 2DJcTb’ 


(xii) 


assuming in the Debye-McAuIay theory that is a constant, K', 

for the whole range of each of the binary solvent systems studied, then 


S ~ D‘ 


. (xiii) 


Now p is the molecular dielectric decrement caused by the addition of the 
benzoic acid to the solution, which, in the present investigation, is of 
varying solvent composition. It is clear that p must vary with the com¬ 
position of the organic solvent-water mixture used ; ♦ i.e. that p itself 

is a function of D, Hence a linear relationship between ^ and — 


would not be expected. The present results are not in accord with 
equation (xiii) since they indicate a negative slope of the -^/-4 relation 


whereas assuming 6 to be positive in the Debye-McAulay theory requires 
that p should also be p)Ositive when salting-out occurs. A negative value 
of p implies an increase of the dielectric constant on the addition of non¬ 
electrolyte according to this theory, and consequently is associated with 
salting-in. This only occurs in a small range of ethanol-water mixtures. 
Moreover, it appears unlikely that p can have a negative value in the 
present s3rstems; it is known that each of the organic solvents brings 
about a decrease in the dielectric constant when added to water, and that, 
since it is normally salted-out, benzoic acid also causes a decrease in 
dielectric constant. The contributions of each of these factors to the net 
value of p must therefore be positive. It must therefore be concluded 
that the theory is not directly applicable to the results of the present 
investigation. Attempts to correlate the results with the equations of 
Debye's second theory fail similarly. 

In Butler's theory of the salting-out effect the relevant variables are 
the dielectric constant of the solution, and the polarisabilities and 
of the solvent and solute non-electrolyte molecules. Thus Butler's 
equation is more easily applicable than that of Debye and McAulay, or 
of Debye, because the polarisabilities can be calculated by the usual 
equations relating them to the dielectric constant, whereas the cor¬ 
responding p term in Debye and McAulay's theory and the dielectric 
constant terms in Debye's theory require experimental values of the 
dielectric constants of the non-electrolyte solutions and few of these are 
available. 


Using the following values, — has been calculated from equation (x): 
J\v0 = i-6i X io~” cm.*, N = 6-02 x lo**, k = 1*38 x io~‘* erg deg.-', 
e = 4 80 X lo-'* c.s.u., == 0 807 X 10* cm.“*. Values of a were 


evaluated using a 


D 1 

4fr 


The calculations show that according to 


Butler's theory, 


5 


increases regularly with decrease of D, in an ap¬ 


proximately linear fashion with respect to g (see Fig. I). The theory 


• The equation D = (i — Pn) is taken to be valid for a given value of 
Dq, so that p does not equal (D^ — D)lD^n if varies. 
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therefore does not apply at all to the results obtained in the present 
systems, so that factors not considered by the theories must be taken into 
account. 

It is believed that in an electrolytic solution in organic solvent-water 
mixtures the solvation of the ions, and therefore presumably their powers 
of salting-out, is in general preferential to one of the types of solvent 
molecules present (in this case that of water), cf. Shaw and Butler.** 
On the addition of ethanol, for example, to the aqueous solution, it might 
be expected that 5 would increase, the solubility of benzoic acid being 
greater in ethanol than in water. However, AS would not be expected 
to increase in a similar manner, because although the decrease of di¬ 
electric constant increases the ability of the ions to solvate, the alcohol 
is probably not included in the solvation sheath and its power to dissolve 
the benzoic acid is relatively unaffected by the presence of NaCl. Hence 
AS 

might be expected to decrease much more rapidly than would be 


expected from a simple theory which assumes a homogeneous dielectric 
medium. The interpretation given to the negative values of 

o 

observed in the ethanol-water system may be brought out by the con¬ 
sideration of an extreme case. Suppose that the water content of the 
system in a hypothetical model is reduced to such a value that the NaCl 
addition results in the removal of all the water molecules into the solva¬ 
tion sheaths of the Na+ and CT ions. Then, the effective solvent for 
benzoic acid would be exclusively ethanol, and the solubility in this 
ethanol after the addition of electrolyte would be greater than before it, 
i.e. A 5 would be negative. This supposes that the solubility of benzoic 
acid per unit volume of anhydrous ethanol is larger than in such a volume 
of ethanol in an ethanol-water mixture, an assumption which would seem 
plausible on account of the high polarity of the water, and the consequent 
interaction with, and reduction in solvent power of, the ethanol in the 
mixture. Further, at sufl&ciently high concentration of ethanol, the 
alcohol molecules will also presumably tend to enter the solvation sheath 
of the ions, so that since then both components are being removed by 

solvation, the gradient of the should become positive. In such a 


case the effect of decreasing dielectric constant has become predominant 
over that of preferential solvation. This view is in agreement with the 
results obtained for the methanol- and ethanol-water mixtures, namely 

that ^ decreases with to a minimum value, in the salting-in region 


in the latter system, and subsequently has a positive slope. In the 
dioxan-water system it is of interest to note that in the range examined 
there is no tendency for the inversion of the negative slope, and this is in 
accord with the relatively small dipole monient and large size of the 
dioxan molecule, a factor which would clearly reduce the probability 
of its entering the solvation sheath of Na^ or Cr ions at higher dioxan 
concentrations. 

Although it would seem that preferential solvation of the ions by water 
accounts for the results report^ in a qualitative fashion, it must be 
stressed that other factors may be important. Thus, decrease of dielectric 
constant would be expected to decrease the degree of dissociation of the 
NaCl, and this effect would, according to the Setschenow equation, be 

AS 

expected to contribute to the decrease of with decrease of D, 


•• Shaw and Butler, Proc, Roy. Soc. A, 1930, 139, 5x9. 
Millet, Trans. Faraday Soc., 1927, 33, 315. 
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Cakulations from the B}ernim-9m|i-^Ki:aua theory of ion association 
indh^te that a decrease of D from 78 to 48 should bring about a reduction 
in the value of the degree of dissociation of about 70 %. I^tly, the 
dielectric constant in the neighbourhood of the ion is certainly difierent 
from the macroscopic value, and the variation of the microscopic value 
in mixed solvents may not parallel to that of the macroscopic value as 
found in the usual ways. Quantitative interpretation of the results would 
involve a more complete knowledge of the dielectric constants of the 
electrolytic solutions, of the appropriate values in the vicinity of an ion, 
and of solvation in mixed solvents. Work on the dielectric constants of 
electrolyte and non-electrolyte solutions, and on solvation in mixed solvents, 
is in progress at Imperial College. 

The authors wish to express thanks to Dr. J. A. V. Butler for helpful 
comments on this work. 

Summary. 

1. Empirical salting-out equations, and the present position of the salting-out 
theories are briefly discussed. 

2. Results for the relative salting-out of benzoic acid in some methanol-, 
ethanol- and dioxan-water mixtures by NaCl at 25® c. are reported. The relative 
salting-out at first decreases with dielectric constant decrease for all of these systems, 
and for the alcohol-water systems passes through a minimum ; salting-in occurs 
in the range 22-47 % w/w ethanol. 

3. The Debye and McAulay, Debye, and Butler theories of salting-out are 
quite inapplicable to the results obtained. 

4. It is suggested that the inapplicability of the theories is due to the pre¬ 
ferential solvation of the Na*^ and Cr ions by water in all of the systems, and a 
qualitative account of the results can be given on this basis. Other complicat¬ 
ing factors are discussed. 

Imperial College of Science and Technology, and 

Acton Technical College, 

London. 


Bi^ckris and Azzam (unpublished). 


KINETIC STUDIES IN THE SOLVENTS ACETIC 
ACID AND ACETIC ANHYDRIDE. 

PART L—PROPERTIES OF THE SOLVO-SYSTEM. 

By H. A. E. Mackenzie .and E. R. S. Winter. 

Received /^th March, 1947. 

As a prelude to kinetic studies on reactions which take place in the 
solvo-system acetic acid-acetic anhydride, it is desirable to review the 
known properties of the system, particularly with regard to the behaviour 
of acids therein, and to extend the knowledge of the system in certain 
aspects. 

Physical Properties of Acetic Acid, Acetic Anhydride and their 
Mixtures. 

Acetic acid is a solvent of low dielectric constant (613 at 20® c,^) and 
^ Smyth and Rogers, /. Amer. Chem. Soc., 1930, 53, 1824. 
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displa3niiig autoprotolysis with a constant ♦ iiT «* <?acOHi’^ • ^acO"" » 2*5 x 
io-« at 25^ c. according to Kolthoff.* Although the proton in acetic 
acid solution is solvated, forming the AcOHi+ ion. the latter must be 
regarded as a strong proton donor. It has long been recognised thst 
acetic acid is an associated liquid.* and much evidence has accumulated 
of the existence of a stable dimer lK>th in the vapour phase and in solvents 
such as benzene. Independent methods leading to this conclusion include 
studies of infra-red spectra of the vapour,* of the Raman spectra of 
aqueous solutions,* of the vapour density,* and of the distribution of 
acetic acid between benzene and water.’ The dimerisation is generally 
attributed to hydrogen bond formation ■ and the dimer is assigned the 
structure : 


O. . . H- 


/ 


CH,—C 


-O 


V 








The specific conductance of acetic acid is very low, the values found by 
various workers showing variations with the method of purification, •• 
but found by Kolthoff ® and Weidner, Hutchison and Chandlee ” to be 
about 6-0 X lo-* mho at 25° c. with highly purified specimens. 

Acetic anhydride also has a low dielectric constant (20*5 at 20® c.“). 
There is no evidence of its a.ssociation. Although the anhydride has a 
low specific conductance, viz., 1*94 x io“’ mho at 25® c.^® (but cp. **), 
this is much greater than that of acetic acid. This relatively large value 
suggests the presence of an equilibrium in acetic anhydride of the type : 
AcgO = Ac+ 4- AcO~. There are, in fact, many chemical facts which 
may be most simply explained by assuming the existence of such a re¬ 
action and these will be adduced below. 

The liquid-liquid system, acetic acid-acetic anhydride has not been 
extensively studied. Pickering, however, in 1893 “ determined the freez¬ 
ing point of acetic acid in admixture with acetic anhydride for concentra¬ 
tions of acetic acid varying from 100 to about 6 % w/w. He himself 
was unable to explain his results, but actually they are amenable to simple 


* Throughout this series the symbol Ac will be used to denote the group 
CH, . CO—. 

* Kolthoff, J. Anur. Chem, Soc., 1934, looy, 

* Turner, MolectUat Association, J915. 

* Herman and Hofstadter, /. Chem. Physics, 1938, 6, 534 ; ibid., 1939, 7, 460. 
Gilette and Daniels, J. Amer. Chem. Soc., 1935, 58, 1139. Davies, Trans. Faraday 
Soc., 1940, 36, 333. Buswell, Rodebush and Roy, j. Amer. Chem. Soc., 1938, 
60, 2239. Davies and Sutherland, J. Chem. Physics, 1938, 6, 755. Badger 
and Bauer, ibid., 1937, 5» ^^5- 

* Leitman and XJkholin, J. Chem. Physics, 1934, a, 825. 

* Fenton and Garner. /. Chem. Soc., 1930, 694. MacDougall, J. Amer. Chem. 

Soc., 1936, 2855. 

’ Moelwyn-Hughes, J. Chem. Soc., 1940, 850. 

* Sutherland, Trans. Faraday Soc., 1940, 36, 890. Fox and Martin, ibid., 
898. 

•Creighton and Way, J. Frank. Inst., 1920, |86, 675: 0*17 x io“* mho, 
Hopfgartner, Wien. Ber., 1911, 26, i: 0*5 to 1*5 X io~’ mho. Schall 

and Thieme-Wiedermarchter, Z. Elektrochem., 1929, 35, 337 : 4*9 X io~* mho. 
Patten, J. Physic. Chem., 1902, 6, 554 : 1*05 x io~* mho, 

H^l and Voge, J. Amer. Chem. Soc., i933i 55» 239 : i•05-3*0 x lo*"* mho. 
Eichclberger and La Mer, ibid., 3635 : 1*4 x io~* mho. 

^•Weidner, Hutchison and Chandlee, ibid., 1934, ^285. 

Landolt-Bdmstein, Tabellen, HwII, 1037, 1923. 

Walden, Z. physik. Chem., 1906, 54, 128 : 4*8 x io~’ mho. Schmidt, 
1910 (quoted in Walden's Elektr. Nichtwdsserigen Ldsungen) : 7*5 x 10““’ mho. 
Pickering, J. Chem. Soc., 1893, 63, 998. 
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treatmeat. For ideal liquid syfiteoia, the freeziug point depression, 0, 
in of a liquid A, is given by the expression : 

-* ^ r,*Vi?r, 


In Xi '■ 


RT.* 


2R 


-)■ 


where = mol. fraction of A present, L# = molar latent heat of fusion 
of A at its m.p., m cal./jg. moL, T® = m.p. of A in ®k., C,^ and are the 
molar specific heats of liquid and solid A respectively in the neighbourhood 
of the m.p., in cal./g, mol.-degree. Terms involving {0/T^) to powers > 2 
are neglect^. For acetic acid is taken as 289*6; for monomeric 
acetic acid, Lo = 2785,^* =* 29 and Cp^ = 37*5 ; and for the dimer, 


5570* Cp^ = 58, Cp^ = 75. 
In Fig. I are shown the experimental 
results of Pickering, together with 
values calculated from the thermo- 
d3aiamic expression. The experi¬ 
mental values are in excellent agree¬ 
ment with theory up to about 80 % 
w/w acetic anhydride, but only if 
dimeric acetic acid is assumed. At 
higher acetic anhydride concentra¬ 
tions the experimental points diverge 
from the theoretical curve for the 
dimer and approach that of the 
monomer, suggesting that dissoci¬ 
ation becomes appreciable and in¬ 
creases with dilution of the acetic 
acid. The cryoscopic method affords, 
therefore, proof of the dimerisation 
of acetic acid and reveals the ideal 
behaviour of the system acetic acid- 
acetic anhydride when the concentra¬ 
tion of the latter is less than 80 % 
w/w. 



Circles—Exptl. points. (Pickering 
Curve A— Calcd for dimer. 

Curve B— Calcd. for monomer. 


CSiemical Properties of Acetic Acid, Acetic Anhydride and 
their Mixtures. 

Ruben, Allen and Nahinsky have recently noted an exchange 
reaction between sodium acetate and acetic anhydride. They found 
that sodium acetate (NaOOC*CH„ where C* is a radioactive carbon 
isotope; C“ and were both used), when shaken with pure dry acetic 
anhydride at room temperature, suffered rapid exchange of its radio¬ 
active atom with the acetic anhydride. After 20 min. the reaction 

CH«--C* 0 -ONa -h (CH,C 0).0 

= CH,—CO—ONa -f- (CH,—C*0—O—CO---CH,. (CH,—C* 0 ), 0 ) 

had proceeded to the right to about 55-62 %. A similar exchange occurred 
between sodium acetate and butyric anhydride. The latter reaction was 
known to early wwkers to occur at higher temperatures. 

These exchanges may be explain^ either by tl\e assumption that 
acetic anhydride is ionised according to the equation Ac ,0 Ac+ -f- AcQ- 
or as an attack by the acetate ion on the carbonyl carbon atom of the 

Marignac (quoted by Meyer, Z. pkysik. Chem,, 1910, 72, 225) : Lp *= 46*4 
cal./g, 

” Ref. 13 : 28*8 at 17® c.; 29*2 at 20® c. 
ibid. : 37*1 at 4^-8® c. ; 37*6 at i®-8® c. 

(a) Ruben, Allen and Nahinsky, /. Amer. Chcm. Soc., 1942. ^ 4 . 

(6) Michael, Bet., 1901, 34, 925. 

6 




162 


ACETK ACID—ANHYDRIDE SYSTEM 

anhydride with simultaneous deration of a dtfierent acetate ipUi The 
former gumption is favoured, since ionisation of ACtO is shown by its 
high specific conductance, and by other evidence summarised below. _ 
Confirmatory evidence comes from the work of Usanovitch lind 
Yatsimirskii on acid-base interaction in AC| 0 . The solvent behaves 
amphoterically and, in it, acetyl chloride, benioyl chloride and trichloro¬ 
acetic acid behave as acids and may be titrated with sodium acetate 
(which behaves as a strong base). The reactions lead the authors to postu¬ 
late an Ac, 0 + ion, presumably by analogy with H, 0 +, although the Ac+ 
ion itself would be large and not necessarily solvated. It is our opinion 
that the acetyl ion most probably exists in the unsolvated state in this 
system. Many salts were found to undergo solvolysis in acetic anhydride : 
for example, AlCl, gave AcCl and AlCl(OAc),, HgF, gave AcF and 
Hg(OAc)i and even NaCl apparently reacted, since AC |0 distilled from 
this salt gave a positive reaction for chlorine. 

The acetic anhydride solvo-system is thus analogous to the water 
S3rstem, but is simpler in certain respects, viz., in the lack of association 
of Ac ,0 and probably non-solvation of the acidic ion Ac+. The postulate 
of the existence of stable acyl ions also facilitates the correlation of many 
other well-established phenomena: 

(1) the electrical conductance and acidity of acetyl fiuoborate in 
acetic anhydride; 

(2) exchange reactions between aliphatic acids and anhydrides, e.g. 

2R1—COOH -f- (R,CO)aO = 2R.COOH -f (RiC 0),0 ; 

(3) disproportionation shown by mixed anhydrides, e.g. 

2R1—C O —O '■■•"CO——R| ~ (Rj——GO)fO "I- (R|CO)jO, and 

(4) the fact that in acid-catalysed esterifications the reaction 

O 

R^woH + R'COOH = R~« oJ>- R' + H ,0 
proceeds, and not the reaction 

O 

a 

R--.UOH + R'COOH = R-~ 0 —C—R' -f 

The postulate would underline in general the essential difference in kind 
between the reactions: 

r'-_-COOH + HO—R = R'COOR + H ,0 
and Cl—H 4 * HO—R == Cl—R -f* H, 0 . 

It is noteworthy that Treffers and Hammett have obtained direct 
evidence of the existence of large stable acyl ions by cryoscopic measure¬ 
ments in sulphuric acid. The di-o-substitutcd benzoic acids appear to 
ionise thus; 

r^COOH + 2 H,S 04 = RCO+ + OH,+ + 2 HSOr. 

and hydrolysis of esters of these acids (normally very slow in dilute acid 
or alkali) is quantitativdy achieved by pouring a solution of the ester 
in into water. 

■•Usanovitch and Yatsimirskii, /. Gen. Chem. Russ., 1941, ii, 954, 959; 
Abstr., A, II, 1945 > 3^5 ; 1 ^ 7 - 

** Seel, Z. ancrg. Ghent., 1943, 350, 331. 

*• Watson, Modern Theories of Organic Chemistry, and Ed. (Oxford, 1941), 
p. 126. 

"Treffers and Hammett, J. Amer. Chem, Soc., 1937, 1708* 
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The Behaviour 0t Strong Adlli hi Aoetie Acid*Acetic Anhydride 
Skritntione* 

With the aid of the chloranil electrode and the technique developed 
by Conant and HaU,**^** these authors and others have made an electro¬ 
metric study of acids and bases in acetic acid.*^<*>-<^ The main difficulty 
was the selection of an arbitrary zero for the conversion of experimentsd 
b.m.f/s to hydrogen ion activities, but the value selected by them was 
substantiated by the self-consistency and applicability of their results. 
They defined a function, (/>h)AcOH ♦ as a measure of hydrogen ion activity 
in acetic acid, in terms of the experimentally measured e.m.f. For 1*0 m. 
solutions of strong acids they obtained the following results : 

In view of these remark¬ 
able results, the solutions 
were termed super-acid." 

Conant and HaU **<*) were 
able to correlate the 
(pn)AcOB of buffered acetic 
acid solutions with the indi¬ 
cator behaviour of aryl- 
carbinols and unsaturated 
ketones in these solutions, 
and Rodebush and Ewart ** 
have found, using a dynamic vapour pressure method, that the activities 
of HCl solutions in acetic acid are about 10* times those of equally con¬ 
centrated solutions in water; so that there is evidence that the extra¬ 
ordinarily high activities are real and do at least parallel " acidity " as 
measured by indicator studies. The latter authors point out, however, 
that the is not a measure of the individual activity of the hydrogen 

ion. but expresses the mean activity of a pair of ions, as does the pn in 
aqueous solutions. Hence, although a correlation has been found between 
the and the specific reaction rates of a restricted range of re¬ 

actions (viz. the inversion of sucrose in 98 % acetic acid and the 
acetylation of / 3 -naphthol *•), it may be fortuitous. This is likely since 
the accuracy of the study of the j 3 -naphthol acetylation was low and 
even in aqueous solutions of high acidity, the rate of hydrolysis of sucrose 
is determined more precisely by the acidity function of the solution than 
by the 

Russell and Cameron ” have obtained vadues of the of the 

same order as those of Conant for strong acids in acetic acid, using a 
hydrogen electrode coupled to a chloranil half-cell. They have shown 
as well that the (/)h)Ac 0H gf acid solutions decreases still further on addition 
of acetic anhydride to the solution in amounts up to about 30 % v/v. 
The effect is large initially in the case of H,S04, but becomes more gradual 
when about 15 % v/v acetic anhydride has been added. In the case of 
the other acids studied, the change is gradual throughout and of the same 
order as the change with H*S04 for solutions containing more than 15 % 
v/v acetic anhydride. The authors attributed these facts to the formation 
of mixed anhydrides, thus ; Ac ,0 + HA = AcA -f* AcOH. The mixed 

** (a) Conant and Hall, /. Afner. Chem, Soc,, 1927, 49, 3047; (b) ibid., 1927, 
49 » 5062. (c) Hall and Werner, ibid.^ 1928, go, 2367. (d) Conant and Werner, 

ibid., 1930, 53, 4436. (e) Hall, ibid., 1930, 53, 5115. (/) Hall, Chem. Rev., 1931, 

8, 191. 

• For the sake of consistency, the function is represented in this way, rather 
than by the symbol {/>h)HAo of the original authors. 

Rodebush and Ewart, J. Amer. Chem. Soc., 1932, $4^ 419. 

** Conant and Bramman, ibid., 1928, go, 2305. 

Hammett and Deyrup, ibid., 1932, g4» 2721. 

*• Russel! and Cameron, J. Amer. Chem. Soc., 1938, 60, 1345. 
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anhydride was assumed to be responsible for very high acidity. Neglecting 
the question of ionisation or diss^iation of the AcA molecule, this assump* 
tion is the same as the postulate that acetyl ions of mark^ acidity are 
formed. The facts may all be accounted for in this way, except the large 
initial decrease in in the case of H,SO* (cp. later). 

The studies on (^h)^®oh provide no evidence of the degree of dis¬ 
sociation of the acids studied in acetic acid, or, in fact, what signihcance 
may be attached to the term '* degree of dissociation " as appli^ to such 
solutions. This question requires reference to conductivity studies for 
its clarification. 

Solutions of HCIO4 and H,S04 in acetic acid have a very low molar 
conductance. Sulphuric acid solutions have been studied by several 
workers,and the results of Kolthoff,* Hall and Voge and Eichel- 
berger and La Mer are in close accord. Kolthoff • has studied HCIO4 
solutions. The molar conductances are roughly lO"* of those in water 
Such low values may be due to two causes. 

(1) Since acetic acid is strongly protogenic, solutions of HCIO4 and 
H,S04 in it may be such that the undissociated molecule, or, in the case 
of H,S04, the bisulphate ion, is present in appreciable amount. •• 

(2) The acids may ionise, but, in view of the low dielectric constant 
of the medium, a proportion of the ions may aggregate into pairs, triplets, 
etc., in which case those aggregates containing an equal number of op¬ 
posite charges would have no net charge and therefore not contribute to 
the conductivity.*® 

KolthofE * h^ assessed the relative applicability of the two explanations 
to the low conductances of HjS04, HCIO4 and other solutes in acetic acid. 
The ionisation of the strong acid is determined primarily by its tendency 
to split off protons and by the affinity of acetic acid for protons. The 
equation HA -f CH,COOH = CH,COOH|+ + A~ will be incomplete for 
a weak acid and tend to go to completion in the case of a strong acid. 
Since water is a much stronger base than acetic acid, the addition of 
small amounts of water should promote the ionisation of a weak acid 
HA and a large increase in electrical conductance should result. If, on 
the other hand, the acid HA is so strong that all of it is present as ions and 
ion-pairs, the effect of a trace of water will be small and manifest itself 
only as a change in the dielectric constant. The results showed that 
traces of water had a negligible effect on the conductance of HCIO4 
solutions in acetic acid, but caused large increases in the conductance of 
H,S04 solutions. Perchloric acid is thus a strong electrolyte and H4S04 
a weak electrolyte in acetic acid. 

In the light of Kolthoff's work, the initial large increase in the super¬ 
acidity of HaS04 solutions in acetic acid, on the addition of acetic an¬ 
hydride may be explained by completion of the ionisation of the H,S04. 
The way in which acetic anhydride facilitates this ionisation is not, how¬ 
ever, readily visualised. The assumption that acetic anhydride is more 
protophylic than acetic acid (i.e. more basic) would afford an explanation 
along the lines of Kolthoff's reasoning in the case of water; but the 
relative basicities of acetic acid and acetic anhydride are not easy to 
assess a priori. Accepting the formulae, 

O* O* O 

CHt---- 0 ---OH and CHg-‘---C ----0 ■ ■''■ 0 ~-- 0 H§, 
it might be argued that replacement of the acid hydrogen by an acetoxy 

*• See e.g., Glasstone, The Electrochemistry of Solutions, 3rd Ed., (Methuen, 
I945)» p. 172. 

••Ion-pair formation has been well substantiated experimentally by the 
work of Fttoss and his collaborators; /. Amer. Chem, Soc,, 1933, 55 * and 
succeeding papers. 
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group would lower the electron at the oxygen atom denoted by 

the asterisk^ and that therefore the anhydride would be a weaker base 
than the acid; but this is doubtful since acetic acid is more correctly 
formulated in this case as the dimer, aud acetic anhydride may well 
accept protons by virtue of hydrogen bond formation and chelation, thus ; 
There may be some entirely diderent explanation, 
however, such as oxonium salt formation. 

Murray and Kenyon studied the rate of forma¬ 
tion of sulphoacetic acid in acetic acid-acetic anhydride 
solutions of H,S04 at 40® c. by determining the concen¬ 
tration of HtS04 in solution after measured times, using 
gravimetric procedure. The rate of disappearance of 
HtSOi obey^ a hrst-order law and the specihc reaction 
rate increased loo-fold in acetic anhydride-acetic acid 
mixtures as the anhydride concentration was increased from 25 to 90 % 
v/v. They suggested the mechanism : 

Ac ,0 -f H,S04 ^ AcOH -f ACHSO4 
ACHSO4 —^ Product, 

which, by application of the method of stationary states, gives : 

-~id(H.S04) _ k,k, ^ , 

dt ~ k., (AcOH) ' ‘ ^ 

The mechanism can only be an approximation, since the molecules H,S04 
and ACHSO4 are assumed to exist in solution as such with no ionisa¬ 
tion . It is, however, in agreement with the first-order disappearance 
of HtS04, although the authors found that a plot of specific reaction rate 
against the ratio (Ac40)/(Ac0H) was only approximately linear with 
reactant concentrations expressed as % v/v. If the concentrations are 
expressed as g. mol./l., approximate agreement with the equation is 
found only at very low or very high acetic anhydride concentrations. 
There is evidence of an analogous reaction between acetic anhydride 
and HCIO4, which, however, is not appreciable unless very high concentra¬ 
tions of acetic anhydride compared with acetic acid are present. During 
the work reported in the succeeding paper it was found that the catalytic 
activity of solutions of perchloric acid in acetic anhydride falls with time; 
the solution simultaneously becoming yellow and then brown, and finally 
depositing a large amount of tarry material. Russell and Cameron 
(loc. cit.) record similar observations. 

The preceding remarks give some indication of the complexity of the 
acetic acid-acetic anhydride solvo-system, particularly in relation to the 
behaviour of strong acids in the system. In studying acid-catalysed 
reactions, the “ acidity ” may be defined (i) by the stoichiometric con¬ 
centration of the acid, (2) by the hydrogen ion activity as measured by 
the or (3) by Hammett's acidity function. The usefulness of 

the first definition is limited to those cases where the degree of ionisation 
of the catalysing acid is zero or unity, since, otherwise, alterations in 
medium or concentrations lead to uncertainty in interpretation. The 
second definition can be expected to provide at most a qualitative measure 
of the hydrogen ion activity. Fortunately Hammett and his collabor¬ 
ators ** have provided a more precise detoition of acidity which is of 
great value in the study of acid-catalysed reactions. 

The acidity function, which was introduced by Hammett and Deyrup,*’ 
measures the tendency of a solution to donate a proton to a base and is 

Murray and Kenyon, /. Amer. Ckem, Soc., 1940, 6a, 1230. ^ 

•• Hammett, Physical Organic Chemistry (McGraw-Hill, 1940). PP- *^2 

6 * 
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therefore a logical lobeasure of acidity in acid-catalysed reaptions« It is 
dehned by H in the equation 

H an — log (sh-** • — 

where represents the hydrogen ion activity, and and /bh+ are the 
activity coefficients of the base and its conjugate acid respectively. A 
subscript appended to the symbol H indicates the charge type of the base, 
thus: No, N+^, etc. Hammett and Deyxup argued that the acidity 
function of a solution would not necessarily be the same for bases of different 
charge types, but assumed that, for bases of one charge type, the ratio 
/b//bh+ would be the same and would be largely unaffected by medium 
composition. The latter two assumptions have been substantiated in 
large measure by experiment. 

If the acidity constant of the conjugate acid of the base, is given by 
pKa^ = - log («H+ . <»b/«BH+), 
then, from this and the definition of if, 

H = />k„b -f log 

The acidity function of a solution may thus be obtained by measuring 
the “ indicator ratio " in that solution, colorimetrically, by absorption 
spectrophotometry, etc. 

In the present studies an approach must be made which is not strictly 
analogous to that of Hammett. He and his co-workers were concerned 
chiefly with acidity functions and reactions in media composed of water 
and strong acids in varying proportions, where it is reasonable to assume 
the existence of only one acid ionic .species which can function as a 
catalyst, viz., the proton, HaO^. The succeeding studies are concerned 
with reactions in media composed of varying proportions of the two 
solvents, acetic acid and acetic anhydride, containing only low concentra¬ 
tions of strong acid, and in which, even with constancy of acid concentra¬ 
tion, large clmnges in acidity take place with changes in composition. 
In addition there is every reason to suspect the existence of two acid 
ionic species potentially capable of functioning as acid catalysts, viz,, 
the AcOH,+ and Ac+ ions. A base may therefore react thus ; 

B + AcOH,+ BH+ -f AcOH 
B 4- Ac-*^ ^ BAc+ 

in which case, if the second reaction leads to a colour change, it would 
be quite wrong to interpret indicator ratios in terms of Hammett's acidity 
function. An examination of the literature reveals that no acidity function 
studies have so far been made in the acetic acid-acetic anhydride solvo¬ 
system. 

The Use of 2 :6-Diinethoxy Benzoquinone for the Measurement 
of Acidity Functions. 

An indicator for use in an acetic acid-acetic anhydride solution of a 
strong acid requires the following properties. 

(1) It should be a very weak base of such />k, as to give accurately 

measurable ratios in the solutions under investigation. 

(2) It should be stable in highly acid solutions, and, in particular, 
sbordd be resistant to acetylation. 

(3) The baaic form of the indicator, or its conjugate acid should be 
coloured to permit quantitative measurement of concentrations; or, 
alternatively, should have an absorption band in the u.-v. region which 
is amenable to measurement, 

(4) Ionisation of the indicator should be such that one molecule of 
base gives rise to one conjugate acid ion only. 

Hammett and his co-workers have given a number of very weak bases 
fulfilling (3) and (4). Of these, only anthraquinone and N : AT-dimethyl, 
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2:4: d-trinitroaniline seemed |ilpe|y satisfy requirement (2], but both 
were found to be too weak ati b«lses to give uoeasurable conjugate acid 
ccmcentrations in the solutions investigated here. 

2 :6-dimethoxy benzoquinone is completely resistant to the Thiele 
acetylation,** and dissolves in cone. HtS04 wth the formation of a deep 
red colour. If the solution is diluted with water, the original yellow colour 
is restored and the quinone recovered unchanged. It does, however, 
char very slowly. The colour change was found to take place in HaS04-H,0 
mixtures with a concentration of sulphuric acid equivalent to an acidity 
function — 5, The red colour is associated with an absorption 

band having a maximum at about 5000 a. The absorption spectrum 
of an approximately 0*04 % w/v solution of the quinone m cone. H*S04, 
determined with a Hilger spectrophotometer, is given in Fig. 2 (A). When 
2 :6-dimethoxy benzoquinone is 
added to an acetic acid-acetic an¬ 
hydride solution of perchloric acid, 
a red colour is again produced, and 
is once more associated with an 
absorption band having a maximum 
at about 5000 a. The colour inten¬ 
sity increases with increasing acetic 
anhydride content of the solution. 

Specimen absorption spectra of 
0*02 % w/v solutions of the quinone 
in difEerent acetic acid-acetic anhy¬ 
dride mixtures containing 0*078 m. 

HCIO4 are given in Fig. 2. The 
quinone thus satisfies (i), (2) and (3). 

The red form could he measured 
more conveniently with a Spekker 
photoelectric absorptiometer at those 
concentrations of quinone convenient 
for indicator-ratio studies. In view 
of the quantitative similarity of the 
absorption maxima in H,S04 and 
acetic acid-acetic anhydride solu¬ 
tions, a calibration curve was con¬ 
structed showing Spekker readings 
against quinone concentrations in 
standard H,S04 solutions. It was 
assumed that the quinone was com¬ 
pletely in the red form in cone. 

H,S04, and that the Spekker reading gave directly, therefore, the concen¬ 
tration of the red form in solution. The calibration curve is shown in Fig. 3. 

No. 5 filters, with zero light transmission at 
A < 4600 A. and at A > 7000 a., and maximum 
(52 %) transmission at A = 5300 a., were used. 
In all determinations the reference solution 
consisted of the test solution without the qui- 
npne, so that effects due to light absorption by 
solvents and acids were eliminated. 

In order to study the nature of the baafflsity 
shown by the quinone, it was examined in 
solution in sulphuric acid-water mixtures of 
known acidity function. The assumption that 
the quinone reacts according to the equation 
Q -f = QH+ could not explain the results 
obtained. Two assumptions which could pro¬ 
vide an explanation were: 

••Erdtmann, Proc. Ray, Sac. A, 1933, 143 * i 77 * 




A —0*04% Av/v quinone in cone. II,S04. 
B—0-02% w/v quinone in 9:1 v/v 
Ac, 0 — AcOH with 0-078 m. HCIO4. 
C — As B, but with 7:3 v/v AcjO—AcOH. 
D—0-02% w/v quinone, 0*078 M. HCIO4, 
in AcOH. 
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(i)i That 2 :6-dimethoxy benzoquinone normally exists as a dimer, 
which reacts thus : Q, -f 2H+ « 2QH+. Cryoscopic determination of the 
molecular weight of the quinone in acetic acid as solvent, with rigorous 
exclusion of atmospheric moisture, yielded a value of 172 (theor. for 
monomer, 168). The assumption is therefore untenable. 

{2) That 2:6-dimethoxy quinone reacts in solutions of fairly high 
acidity according to Q + H+ = QH+. The QH+ ion is then assumed to 
dimerise by virtue of hydrogen bond formation, giving rise to a quin- 
hydrone-like ion, thus: 



The QiH,++ ion may react further in solutions of still higher acidity, 
according to Q2HJ++ -f 2H+ ~ 2QH,++. To the ion is attribute 

the red colour observed in solutions of high acidity. Attempts to demon¬ 
strate polarographically the first reaction of the quinone with a proton 
failed because of the high acidities necessary for the reaction to be ap¬ 
preciable, but some evidence of the reaction was found when it was observed 
that the solubility of the quinone was much greater in 10 % v/v H,S04 
solutions than in pure water. 

The Spekker calibration curve may be adapted to give molar con¬ 
centrations of the QH*++ ion against Spekker readings (Fig. 3). 

For a base which, on reaction with protons gives rise to the 

conjugate acid QH,++ as above, it is possible, arbitrarily, to define an 
acidity function H by the equation : 

/f = — log {(aH>)* 

Then, if == — log {(aH+)* . 

H = 4- log {^q,h,++/{^qh,++)*}- 

H, might therefore be calculated from a knowledge of and the 

indicator ratio. Alternately, if H is identical with Hammett's ifo* then 



♦ The 3^Ilow form of the quinone does not contribute to the Spekker reading, 
since this is zero in 10 % w/w H,S04 solution. 
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[Ho — log {<?Q,Hi++/(^?QHt++)*}3 should be a constant, independent of medium 
composition ; and ^e quinone, even though in this case a complex '' 
indicator, may be used for acidity function measurements. There is no 
a priori reason why this should be so, but experimentally it is so over 
a wide range. 

In Table I are given the results obtained with 2 : 6-dimethoxy benzo- 
quinone in a series of sulphuric acid-water mixtures. The H® values 
are those obtained by interpolation in the plot of H® against %w/w 
H1SO4 given by Hammett and Deyrup,*^ corrected according to Hammett 
and Paul.** Room temperature was approximately 20® c. The initial 
concentration of 2 : 6-dimethoxy benzoquinone was in all cases 0*000139 m. 

was obtained directly from the Spekker reading and t>y 

difference, assuming that all the quinone was present as or QH,++. 

[H# — log {CQ*Ht++/(^<lHi++)*}] is constant for solutions containing up 
to about 75 % w/w HjSO*. The average value of the first five experi¬ 
mental results is — 8 92. 

The postulate regarding the behaviour of 2 :6-dimethoxy benzo¬ 
quinone is thus supported by experiment. The departure from con¬ 
stancy in the last column of Table I in solutions of high H,S04 content 
may be attributed to dissociation of QtH,++ into QH-^ ions as very high 
dielectric constants are reached. Irrespective of the assumptions made 
above, 2 :6-dimethoxy benzoquinone may therefore be used for the 
determination of values in the range where [Hq — log {Cq,h*++/<^qh,++)*}] 
is constant. The acidity function may be obtained from the equation : 

Ho = - 8-92 -f log {cq.h,++/(^^qh.++)*}. 

In Table II are given the results obtained with a series of acetic acid- 
acetic anhydride mixtures containing HCIO4. The molarities of acetic 
acid and anhydride are corrected for the water introduced with the 
HCIO4 on the assumption ♦ that the reaction AcjO -f H *0 -► (AcOH), 
proceeds quantitatively. 

The acidity functions given in Table II are described as " apparent ** 
Ho values, since they will not have the same meaning as the Ho values 
of Hammett if, as we believe, acetyl ions are present in the solutions in 
addition to protons ; this question is discussed in detail later. Never¬ 
theless, the values in Table II are of qualitative interest, since they show 
an increase in acidity from the point of view of indicator behaviour which 
parallels the increase in superacidity observed by Russell and Cameron 
using (pH)AcOH measurements. The four experiments recorded in Table II, 
with varying quinone concentration but constant medium composition, 
were carried out to confirm that the mechanism proposed for the reaction 
of the quinone still applies in acetic acid-acetic anhydride mixtures. 

The Acidity of “Acetyl Perchlorate 

When a solution of acetyl chloride in acetic anhydride was added to a 
solution of AgC104 in the same solvent, AgCl was immediately precipitated. 
The resulting solution, presumably of acetyl perchlorate initially, was 
very unstable, apparently decomposing in the same way as acetic anhydride 
solutions of HCIO4, but much .more rapidly. No quantitative measure¬ 
ments of the acidity of such solutions could therefore be made with the 
aid of indicators. The addition of 2 : 6-dimethoxy benzoquinone did, 
hoover, result in an immediate deep red colour which faded fairly rapidly, 
indicating the transitory high acidity of the solution and thus affording 
direct evidenoe that the acetyl ion is a strongly acid species. Neither 
acetyl chloride nor AgC104 alone showed such acidic properties in acetic 
^hydride. The acidity of ** acetyl perchlorate ** and acetyl ffuoborate 
in acetic anhydride will form the subject of later investigations. 

•♦Hammett and Paul, /. Am^r, Chem, Soc,, 1934, SP* ^* 7 * 

* Cp. succeeding paper. 
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l^KDimary. 

The known properties of the acetic acid-acetic anhydride solvo-system are 
reviewed. The 8olvo-S3rstem is ideal with respect to the two solvents in mixtures 
containing up to about 8 o % w/w of acetic anhydride, but acetic acid must be 
regarded as a dimer. The behaviour of strong acids in the system is critically 
discussed and it is shown that much of this behaviour may be accounted for 
bjr postulating the existence of highly acidic acetyl ions. It is found that a: 6 - 
dimethoxy benzoquinone may be u^ to measure acidity functions in water- 
sulphuric acid mixtures, and its use is extended to measure apparent Hj-valueg 
of solutions of HCIO4 in various acetic acid-acetic anhydride mixtures. The 
solution which results from the reaction between acetyl chloride and AgClOi 
in acetic anhydride, with precipitation of AgCl, is found to be unstable, but highly 
acid. 

Imperial College of Science and Technology, 

South Kensington, 

London, S.PF.7. 


KINETIC STUDIES IN THE SOLVENTS ACETIC 
ACID AND ACETIC ANHYDRIDE. 

PART IL THE THIELE ACETYLATION OF 
BENZOQUINONE AND TOLUQUINONE (EX¬ 
PERIMENTAL). 

By H. a, E. Mackenzie and E. R. S. Winter. 

Received ^th March, 1947. 

Benzoquinone-i : 4 reacts with acetic anhydride, even at room tem¬ 
peratures, in the presence of a small amount of sulphuric acid.^ The 
reaction very nearly obeys the stoichiometric equation: 


0 OAc 



and is fairly general for quiuones.* It is normally grouped with those 
reactions between quinones and substances of the general type R— 
which are represented either as an addition of the reagent to one of the 
double bonds of the quinone with subsequent enolisation, or as a 1:4 
addition to the conjugated 83rstem of the quinone.* Erdtman * has made 
a qualitative study of the Thiele acetylation of several quinones, and 
interpreted his results in terms of the electronic theory on the lines origin¬ 
ally suggested by Robinson.* The initial step in the reaction was assumed 
to be the addition of acetic acid to the quinone. The present work 
shows that former ideas on the mechanism of the reaction have inclined 
to over-simplification. 

^Thiele, Bet., 1898, 31, 1247. 

•Thiele and Winter, Annalen, 1900, 311, 341. 

* £.g. Hickhibottom, Reactions of Organic Compounds (Longmans, 1942); 
and Fieser and Fieser, Organu: Chemistry (Heath, 1944). 

•Erdtman, Proc, Roy. Soc. A, 1933-4, 143« 177. 

• Robinson, OuUine of an El^trochemical (Electronic) Theory of the Couree^ of 
Organic Reactions (Inst, of Chem., 1932), 
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Experimental. 

Materials. —Benxoquinone-i : 4 of m.p. 115*5^ c. was prepared by steam- 
distillation of the laboratory reagent, followed by two recrystallisations from 
100-120^ c. petroleum ether. 2-Me^yl benzoquinone-i : 4 (toluquinone) of 
m.p. 69° c. was obtained by recrystallisation of the laboratory reagent from 
water, followed by two recr3rstaUisations from 100-120® c. petroleum ether. 
Acetic anhydride and acetic acid of laboratory reagent grade were distilled, 
with exclusion of moisture, and the middle fraction (60 %) collected in each 
case. Boiling ranges of the materials collected were less than 2*^ c. and c. 
respectively. Although the purification was not stringent, different batches 
gave reproducible kinetic results. Carbon tetrachloride was dried by distillation, 
the first 10 % of distillate being rejected and the subsequent constant-boiling 
liquid collected. 60 % w/w Analar HCIO4 was standardised by dilution 
and titration with standara NaOH. A simultaneous density determination 
enabled the water content to be estimated accurately. Analar HsS04 was 
taken as 98 % w/w pure. Silver perchlorate was prepared by the method of 
Gomberg,’ without, however, the stringent removal of small amounts of AgCl. 
In order to prepare a standard solution of AgC104, the solid was dried at 140® c., 
transferred to a weighed dry glass-stopper^ measuring fiask, which was then 
cooled and re-weighed. The required volume of solvent was then added. AH 
other reagents were of Analar grade. 

Proc^ure. —^The reaction mixture consisted of the solvent (acetic acid and 
acetic anhydride in varying proportions, together with CCI4 in some cases) and 
low concentrations of quinone, acid catalyst and any other reagents. Each 
reaction mixture was kept in a stoppered vessel immersed in a water bath 
thermostatted electrically to ± 0-02® c. Benzoquinone and toluquinone have 
redox potentials of 0*711 and 0*656 respectively,* so that both are able to oxidise 
the iodide ion in acid solution with the liberation of iodine, and the reaction 
was therefore followed iodometrically. Aliquots of the reaction mixture w'ere 
removed by a fast-running pipette at measured times, and run into a solution 
of K 1 in water (3 ml. 30 % w/v KI per 40 ml.). When the reaction mixture 
contained more than 80 % v/v acetic anhydride, the KI solution incorporated 
in addition 20 % v/v acetic acid, in order to facilitate mixing of the anhydride 
with w'ater. The Kl-quinone solution w'as then strongly acidified with HJSO4 
(3 ml. 30 % v/v HjS 04 added per 40 ml. of solution), and the liberated iodine 
titrated with M./50 or m./ioo sodium thiosulphate solution w*ith starch as indicator. 
This procedure gave reproducible results even when the reaction mixture con¬ 
tained CCI4, provided that there was rapid mixing of the aliquot sample with 
the aqueous medium, which, by reacting with unchanged quinone and acetic 
anhydride stopped the acetylation reaction. 

In the work with HCIO4 as catalyst, the reaction was initiated by the addition 
of a solution of the quinone in acetic acid or acetic anhydride, previously brought 
to the correct temperature, to the main bulk of the mixture ; in the H,S04 
studies, by the addition of a solution of H4S04 in acetic acid. 

Absence of Uncatalysed Reaction. —Both benzoquinone and toluquinone 
were stable in solution in acetic acid, in acetic anhydride and in a 60 : 40 v/v 
mixture of acetic acid and acetic anhydride over long periods. Thus with benzo¬ 
quinone, 0*54 g. was refluxed in an all-glass apparatus with 20 ml. acetic 
anhydride and 30 ml. acetic acid for one hour, and allowed to cool. lodometric 
estimation of aliquots (a) before refluxing, (6) after one and (c) after two re¬ 
fluxing treatments gave the following titres with m./io NajSjO, ; (a) 2o»o 

(6) 19*6 and (c) 19*8 ml. The slightly low results are probably attributable to small 
and variable accumulation of the quinone in the reflux condenser. 

The Nature of the Reaction Curve. —^The sulphuric acid-catalysed acetyla¬ 
tion is complicated by the simultaneous sulphonation of acetic anhydride,* but 
kinetic studies (reported later), showed that the results could be interpreted, pro¬ 
vided that the quinone concentration was sufficiently low for the reaction to lead 
to negligible changes in the acetic acid-acetic anhydride content. Under such 
conditions, and after correcting for the gradual removal of HjS04 in the sul¬ 
phonation of acetic anhydride, the rates of disappearance of benzoquinone and 
toluquinone obeyed a first-order law. 

• Mackenzie and Winter, preceding paper. 

’ Gomberg, /. Amer. Chem, Soc,, 1923, 45, 398. 

• Hammett, Physical Organic Chemistry (McGraw Hill, 1940), p. 392. 

• Murray and Kenyon, J. Amer. Chem. Soc.» 1940, ^ 1230. 
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The Thkle acetylation ivas also found to be catalysed by both HCKX and 
pho^horic acids, in which cases tl:^ reaction between the mineral acid and 
acetic anhydride had a negligible rate. Perchloric acid behaves, in addition, 
more simply in acetic acid>acetic anhydride solutions than does H,S04,* so 
it has been used as the catalyst for the greater part. With HCIO4 and low 
quinone concentrations (less than about 0*2 m.) the acetylation reaction is repre¬ 
sented accurately over 60-90 % of its course by a first-order disappearance of 
the quinone. Typical runs are given in Fig. 1, where logjo ^(Quinoae) i» plotted 

^IG. I.— (a) 0‘i M. benzo- 

q^uinone; 0*0753 m. 

HCIO4 ; 2*95 M. AC4O ; 

6*35 M. (AcOH),: 30° c. 

(b) 0*1 M. benzoquinone; 

0*0753 M. HCIO4; 

AcjO; 3*75 m.(AcOH), : 

30® c. (c) 0*1 M. benzo- 
quinone ; 0*0753 m. 

HCIO4 ; 9*40 M. AcjO ; 

1*15 M. (AcOH)i; 30® c. 

{d) 0*05 M. toluquinone ; 

0*0778 if. HCIO4 ; 7*7^^. 

AcjO; 2*46 M. (AcOH)*; 

25® c. (tf) 0*05 M. tolii- 
quinone ; 0*007814. 

HCIO4 ; 10*7 M. ActO ; 

0*029 M. (AcOH)*: 35® c. 

against time. r^Qnmonei is expressed in ml. M./50 Xa,S, 0 *. The experimental 
specific reaction rate, given by the equation 

Ar, ^ jln (cQ)o/(<^Q)t, 

where (r^), is the concentration of quinone surviving after t sec. and (r^)* its 
initial concentration, has been obtained from the slopes of plots (cp. Fig. i). 
From 4 to 6 points have been determined for each value of k^. k, is given 
throughout in the units sec.-*. 

Correctloii lor the Water Content of the Perchloric Acid Used. —It was 

not clear from the literature whether the water necessarily added to the reaction 


Fig, 2.—{20® c.). 0*1 m. benzoquinone ; 

0*0375 M. HCIO4: (i) 1*58 ml. 

(AcOH)*, 18*7 ml. Ac* 0 . (2) and (3) 

Initially 20 ml. AcjO ; 0*15 ml. H *0 
added after 2*5 and 4 min. respectively 
to 12 ml. reaction mixture left. (4) 
0*95 ml. (AcOH)j, 19*2 ml. Ac* 0 . (5) 

20 ml. Ac, 0 . 0*15 ml. H *0 added to 
HCIO4 in Ac *0 at time — — 2 min. ; 
benzoquinone in Ac *0 added at time — o. 
(6) 20 ml. Ac* 0 . 0*15 ml. H *0 added to 
benzoquinone in Ac *0 at time — 2 
min.; HCIO4 in Ac ,0 added at time = o. 


mixture with the 6d % w/w {^rchloric acid would react immediately wdih the 
acetic anhydride to give acetic acid, under the conditions of experiment em¬ 
ployed. Consequently, after a given acet>dation reaction had proce^e^ for 
some time, a small amount of water was added. This resulted in an abrupt 
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change in the slope of the logic i plot. The new slope was found to he 
exactly that produced with a different reaction mixture to which no water was 
added* but in which the initial acetic add and acetic anhydride contents had 
been adjusted by equivalent amounts (cp. Fig. 2, curve z* and the latter portions 
of curves 2 and 3). Also, a small amount of water added initially had toe same 
effect as an equivalent reduction in. and addition to the initial acetic anhydride 
and acetic acid concentrations, respectively, thus, in Fig. 2, curves 4, 5 and 6 
are the same. 

Thus water introduced into the reaction mixture rapidly hydrol)^^ acetic 
anhydride according to Ac ,0 -f H ,0 « {AcOH)|. It was not determined here' 
whether this reaction occurs rapidly in Ihe absence of strong mineral acid. In 
all subsequent work, therefore, the acetic acid and acetic anhydride concentra¬ 
tions have been corrected for the water content of the perchloric acid used and 
are expressed in m., taking the molecule of acetic anhydride as AcgO and that 
of acetic acid as the dimer, (AcOH),.« It has been assumed that the volumes 
of solvents are additive; a rough quantitative check showed that this would 
introduce negligible error (< 0*5 %) in the concentration terms. 

The Effect of Vaiiatioii in the Acetic Acid-Acetic Anhydride Ratio— 
the Dependence of the Reaction on Acidity. —The results with benroquinone 
and toluquinone in reaction mixtures containing different proportions of acetic 
anhydride and acetic acid are given in Tables I and II. The activation energies, 
E, were obtained in the usual way, by plotting log against i/T ; the values 
are considered correct to ± 0-4 kcal./g. mol. 

TABLE I 


^BeBxoQttlnone 

g. mol./I. 

0*10 

^H0104 g 

mol./I. 

0'0753 

0*0073 

0*0025 

% v/v AcaO 

^ 30 

Bll 

60 


00 

|ioo 

100 

100 

% v/v (AcOH), 

70 

55 

40 1 

25 




0 

Corrected fiotO 
g. mol./I. 

2*95 



7*79 




10*74 

Corrected ^(acoh)* 
g. mol./I. 

0*3.5 

5*05 

3 * 7.5 

2*45 

1*15 

! 

0-28 

1 

0*028 

0*009 


303 " K. 

3.29 

5*09 

c)' 18 

20*0 

()4’(> 

209 

547 

23*0 

10* 

298^^ K. 

2*39 

3-84 

6*76 

I 3*.5 

427 

1.54 

42*2 

19*1 

sec.“^ 

2 Q 3 " K. 

1*42 

2*44 

4*25 

9*20 

311 

109 

1 

1 .5 5*3 

» 5’3 


288^ K. 

0*99 

1*59 

- 2*74 

5-8i 

i8'2 

71*9 

22*2 

.0-3 

E, kcal./g. mol. 

14*6 

14*1 

14*6 

*4-4 

13*2 


9*1 

8.4 


Determinations could not be made on solutions containing 20 % or less 
v/v of acetic anhydride, since in such solutions a polymerisation reaction takes 
place, accompanied by rapid darkening of the solutions which made iodometric 
determinations impossible. This darkening became more marked as the acetic 
anhydride content was reduced. 

Features of note are : (i) The constancy (within experimental error) of 
E, in solutions containing < 80 % v/v acetic anhydride, and the marked fall 
of E as the amount of acetic acid is progressively reduced thereafter. (2) The 
large variation in h, with variation in the acetic acid-acetic anhydride con¬ 
centration ratio. The increase in with increasing AC|0 content parallels 
the increase in super-acidity and also the decrease in apparent acidity function 
of the solution.* The parallelism between and super acidity as measured by 

Erdtman, Proc. Roy, Soc. A, 1933-4, * 43 > 232. 
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TABLE II 


175 


CfoivqtiiaiMi# 

g. mol./I. 

0*05 

cmcu >4 8* niol./l. . 

0*0778 

0*0078 

%v/vAc,0 

30 

45 

60 

75 

90 

roo 

100 

% v/v (AcOH), . 

70 

55 

40 

! 25 

10 

0 

0 

g. mol/L 

2*94 

4*55 

6*17 

7-78 

9‘39 

i 

10*47 

10*70 

Corrected c(j^cob)» 
g. mol./I. 

6-36 

5*o6 

3-76 

2*46 

1*16 

o*2g 

1 0*029 


308" K. 

1*52 

B 

5*29 

B 

38*6 

116 

16*3 

10* /t^ 

303“ K. 

1*04 

B 

3*6i 

B 

28*2 

94*3 

15*6 

sec.~' 

298^ K. 

0*708 1 

1*30 

2*42 

5*91 

i8*2 

67*1 I 

ii*i 


293 ° K- 

0*484 

B 

1*72 

B 

B 

54*1 

8*67 

E kcal./g. mol. . 

I3’0 

■ 

B 

■ 

H 

9-5 

8-7 


(/>M)AeOH is not, however, general. In Table III are given the results obtained 
with benzoquinone in solutions of known (Ph)acoh (Russell and Cameron 

In Fig. 3 are shown the plots of logio for benzoquinone and toluquinone 
against the apparent acidity function, of .solutions 0*0778 m. in HCIO4. 
The Ho values are obtained from Table II of Part I • by interpolation. The 
values of at is® c. for toluquinone are taken from Table II of this paper; 
tho.se of at 25" c. for benzo(iuinone are obtained from the values in Table I 
by multiplying by 0*0778/0*0753, since direct proportionality between and 
the stoichiometric concentration of perchloric acid has been established experi^ 
mentally within this concentration range (cp. below). The plots are linear for 
solutions containing up to about 80 % v/v acetic anhydride, but not parallel 
The slopes are, for benzoquinone, — 0*99, and for toluquinone, — 1*20. This 

TABLE III 


♦ Since high accuracy 
was not required for this 
experiment, tliese values 
were obtained from initial 
slopes of the plot of log jo 
(titre) against time, and 
the correction for the sim¬ 
ultaneous sulphonation 
reaction was not applied. 
The error incurred is likely 
to be considerably less 
than 5 %. 


Benzoquinone, 0*0471 M. AcgO, 30 % v/v (corrected). 
(AcOH),, 70 % v/v (corrected). 


AcicL 

Mcdarity. 


zo*lk«, 

H,S04 


[■0-0715 

[0-0357 

1 

- 11*45 

— 10*96 

0-77 * 

0-34 • 

i 

HC104 

■1 

1 

1 " 0*083 
[0*0083 

" 1 

- 5-61 

i 

- 4*32 1 

2 *60 

0*28 


difference and the difference of the toluqainone value from uni^ are in excess 
of experimental error; as the acetic anhydride concentration is increased above 
80 % v/v, the plots cease to be linear, and a greater difference between their 
slo|Ms is apparent. r 

Russell and Cameion, /. Amer, Ckem. Soc., 1938, 60, 1345. 




























































176 THE THIELE ACETYLATION 

In Fig. 4 is shown the dependence of the for benzoquinone and toluquinone 
on the stoichiometric concentration of HCIO4. The value of for 0*10 m. 




benzoquinone solutions at 20" c., with ~ 7-24 m. and = 2*89 m. 

is given accurately by the equation 

to* A, - 84-0 (Cgp,o,).(I) 

for values of «P to about o*i m. k, for 0-05 m. toluquinone solutions 

at 25® c., is given by : 

10* h, = 57-5 (Cgpjo^) . . . , ix) 

where = 7-24 m. and = 2-8 qm., when is < 01 M. When 

^HOiOi ^^oeeds o*i m. there is a positive deviation from linearity. 

It is w'ell knouTi that solvent effects may be large, and in particular may be 
responsible for variations in the activation energy of reactions in solution. The 
results in Table I and II suggest, however, that the solvents acetic anhydride 
and acetic acid may play some direct chemical part in the reaction mechanism. 
An attempt has therefore been made to determine separately the effects of acetic 
acid and acetic anhydride by the use of a third solvent. 

The Use of Carbon Tetrachloride as a Diluent.— Carbon tetrachloride was 



Fig. 5.—(i) Benzoquinone, o*iom. ; HCIO4, 
0*0753 M. ; (AcOH)j, 0*28 M., CCL to 
maintain volume constant. 20* c. 

(2) Benzoquinone, o*iom. ; HCIO4; 
O'oyyS M. ; (AcOH)|, 2*89 m. ; CCI4 
to maintain volume constant. 20° c. 

(3) Toluquinone, 0*05 m. ; HCIO4. 
0*0778 M. ; (AcOH)|, 2*89 M. ; CCI4 to 
maintain volume constant. 25® c. 


selected because it is aprotic, fairly easily puriffed and dried, and chemically 
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inert with respect to the reactioh inixtnres under investigation. In all the 
reactidn mixtures which contained CCI4. complete homogeneity was obtained, 
although the range was limit^ by the immiscibility of CCI4 with mixtures of 
high acetic acid and low acetid anhydride content. The low dielectric constant 
of CCI4 (2*s) suggests a possible medium effect, but, this, if present, is negli- 
gibly small, since the results correlate quantitatively with data obtained in its 
absence. 

Using CXI4 as diluent, the total volume of the reaction mixture, with fixed 
amounts of quinone and perchloric acid was maintained constant, while the 
concentrations of acetic anhydride and acetic acid were independently varied. 
In Fig. 5 are given the results obtained when the acetic anhydride content was 
varied. In the case of benzoquinone and in the range of lower activation energy 
(cf. Table I), there is no simple relationship between the and (curve i). 
In the range of higher activation energy, however, the plot of against is 
linear both for benzoquinone (curve 2) and toluquinone (curve 3). With solu¬ 
tions in which — 0*0778 m., — 2*89 m., A, for benzoquinone at 

20® c. is given accurately by the equation 

10* k, = 0-778 + 0-825 • ■ (3) 

and A, for toluquinone at 25® c. by the equation 

10* *. = 0-630 - 0-093 ■ (4) 

In Fig. 6 are shown the results obtained when the acetic acid content was 
varied. In the range of higher activation energy, the 
plots of A, against i linear both for benzo¬ 

quinone (curve i) and toluquinone (curve 2). When 
® M., = 4-ot M., k, for benzo- 

quinone at 20° c. is given accurately by the equation 

‘o**.= ii-4A(*coh),.(5) 

and for toluquinone at 25® c. by the equation 
10* A. = 8-7 o/C(^,,,), - 0-60.(6) 

The activation energy for the benzoquinone re¬ 
action in the presence of the maximum amount of 
CCI4 used was determined. For the reaction mixture ; 
benzoquinone, o*iom. ; HCIO4. 0*0778m. ; Ac, 0 , 4*01 
M. ; (AcOH)„ 2*8q M. ; CCI4, 30 % v/v (3*14 m.), the 
following values of were obtain^ : 

c. . 20 25 30 35 

10* A, . 4*00 6*32 9*14 12*6 

These results give a value for E of 14 kcal./g. mol., 
a result not significantly different from the value ob¬ 
tained in the absence of carbon tetrachloride. 

Eqn. (i), (3) and (5) for benzoquinone at 20® c. 
may be represented by the single equation 



( 7 ) 


‘ ^iloio.(^-g9W + 3o-7) 

^(A.oa), 

which, on in.serting the appropriate numerical values of the constant con 
centration terras, reduces to : 


10* A. = 83-0 .{!') 

io‘A, = 0-778 + 0-825 - . . (3') 

16* A, = - • . . . (5') 

The corresponding overall equation in the case of toluquinone at 25® c, is 

10 ^- . . (8) 

*(AOOH)i 


»o*A, »37-3(«.oio,).(«') 

io« A. = 0-630 - 0-104 - - ( 4 ') 

io‘ A, = »'73/e^^Mh - .* (60 


which reduces to: 
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is thus a quantitative conelaticm between the results obtained on the 
HCIO4 variation in the absence of CCI4 and on the Ac^O and (AcOH), variations 
m the presence of CClg. Furtiier, eqn. (7) and (8) may be used to cslct^te 
for reaction series where both ActO and (AcOH), aie simultaneously 
m the absence of (XI 4 . The experimental and calculated values are given 
together in Table IV. The agreement is good over the range of constant high 

TABLE IV 


Bensoquinone^ 0‘io m. at 20® c. 



00753 

00 

0 

6 

0 

6 

00753 

00 

0 

6 

0*0753 

0‘0753 

0*0753 



4*or 

4-56 

6*18 

7-24 

7*79 

9.40 

10*48 

<^(AoOH}t 

0-35 

5*49 

5*05 

3*75 

2*89 

2*45 


0*28 

10* 

Found 1 

1 

1*42 

2*10 

12-44 

4-*5 

6*46 

1 9-26 

311 

109 

sec.-* 


D 


2*42 

4*21 

6*46 

7-86 

19*8 

1 

89*7 


Toluquinone, 0-5 m. at 25*^ c. 


£B 0104 

0*0778 

CAo *0 • 

2-94 

4*01 

4-55 


7*24 

7-78 

9*39 

10*47 

^(AoOB)i 

6*36 

5*49 

5*06 

i 



2*46 

I*i6 

0*29 

10* A, 

Found 

0*70 

0*97 

1*30 

2*42 

4*44 

5*91 

i8*2 

67*1 

sec.-* 

Calcd. 

0*47 

0*99 

I ‘32 

*•85 

4-46 

5*74 

. 5-4 1 

70*1 


activation energy, thus confirming the absence of any medium efiect by CCl^* 

The Effect of Silver Perchlorate on the Acetylation Reaction^— In the 

absence of mineral acid, as much as 0*1 g. of silver perchlorate in 5 ml. O’l m. 
benzoquinone solution in acetic anhydride or in a 60 : 40 v/v acetic anhydride- 
acetic acid mixture, failed to catalyse the acetylation reaction after 14 days 
at room temperature. In the presence of perchloric acid, AgCl04 had a very 
slight acceleratory efiect, which is probably due to a primary salt efiect on the 
reaction between an ion and a neutral molecule. For a series of solutions (in 
which benzoquinone was o*ioM. ; AcjO, 7*24 M. ; (AcOH)„ 2-89 m. ; and 
HCIO4, 0*0389 M.) A. was found to be 3*32 x lo-^ sec.-' in the absence of AgC104, 
3*39 X sec.-* in the presence of 0*1445 m. AgC104 3*4i X secr^ 
in the presence of o-i8o8 m. AgC104. 

The Nature of the Acetylated Products. —Thiele and Winter* and 
Erdtman * state that the Thiele acetylation of toluquinone gives rise to 2 : 4 : 5 
triacetoxy toluene, and no mention is made of the two other possible isomeric 
products (viz. 2 : 3 : 5 and 2 : 3 : 6). These authors state that the yield of the 
product obtained was “ good Investigation seemed desirable, since, if only one 
of the isomers is produced, the proposed mechanism of the reaction should 
explain this feature. The results obtamed with benzoquinone were so surprising 
that a detailed study has been made of the nature of the products when the reaction 
is carried out under two extreme conditions, viz. in nearly 100 % acetic anhydride 
and in 50 ; 50 v/v acetic anhydride-acetic acid solution. Under the latter con¬ 
ditions the acetylation of b^zoquinone gives rise to significant quantities of 
hydroquinone diacetate and i : 2 ; 4 : 5-tetra-acetoxybenzene in addition to 
htc Thiele product, 1:2: 4-triacetoxy benzene. The products obtained from 
toluquinone are analogous, but complicated by isomerism, and have not been 
fully characterised. Ej^rimental details follow. 

(**) 0*5 g. of benzoquinone in 10 ml. acetic anhydride was treated with 0*5 ml. 
of 60 % w/w HCIO4. The solution was allowed to stand for i hr. and was then 
poured into 100 ml. of water. Saturation of the liquid with sodium chloride 
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permitted ether extraction of i*o 3 material (m.p. 92*93° c.)> One recrystal* 
Usation of this product from methanol gave pure 1:2: 4-triacetoxy benzene, m.p. 
97*5^* c. The '* crude product is thus very nearly pure, and the yield of 
1:2: 4-triacetoxy benzene from benzoquinone is over 90 %• A similar experi¬ 
ment in 50: 50 v/v acetic anhydride-acetic acid yielded a mixture of products, 
so it was repeated on a larger scale. 

(b) 27 g. of benzoquinone in a mixture of no ml. Ac ,0 and zoo ml. (AcOH), 
was treat^ with 10 ml. of 60 % w/w HCIO4, and the solution allowed to stand 
for 20 bj:. A white crystalline solid (A) was deposited. This was filtered off, 
and the filtrate poured into 400 ml. of water which was then vigorously shaken 
and allowed to stand for | hr. The solid (B) was filtered off and the filtrate 
saturated with sodium chloride. An oil then separated, which solidified on 
vigorous shaking. The resultant solid (C) was filtered off. 

When dry, (A) weighed iS'i g. and had a m.p. 208-215® c. On recrystallisa¬ 
tion from- acetic acid (charcoal), the m.p. rose to 226® c. and remained unaltered 
on further crystallisation. Sublimation in vacuo did not alter the m.p. (A) con¬ 
sisted therefore of very nearly pure 1:2:4: 5-tetra-acetoxy benzene. (Found : 
C. 54*6; H, 4*6 %. Calcd. for Ci4H,40g : C, 54*2 ; H, 4-5 %.) Heilbron's 
Dictionary gives m.p. 226® c. 

\B) (26*4 g.) and (C) (26*0 g.) were subjected to fractional crystallisation 
from water-methanol mixtures. Two pure materials were obtained from each : 
(i) hydroquinone diacetate, m.p. 120® c., characterised by hydrolysis to hydro- 
quinone, m.p. 170° c., which in turn gave benzoquinone on treatment with 
acidified KjCtjO, solution, and (2) 1:2: 4-triacetoxy benzene, m.p, 97*5® c.; 
identity confirms by a mixed m.p. determination. The fractional crystallisa¬ 
tion was wasteful, particularly of the triacetoxy compound which was the more 
soluble. 8 g. of hydroquinone diacetate was obtained altogether, and therefore, 
by difference, the amount of triacetoxy compound in (B) and (C) was about 44 g. 
This experiment was repeated but with a benzoquinone concentration in the 
reaction mixture of one-tenth that used above, and therefore about the same as 
that used for kinetic determinations. The same products were obtained. 

Summarising for benzoquinone, (i) acetylation in approximately 100 % 
acetic anhydride gives rise to more than 0*9 mole of 1 : 2 : 4-triacetoxy benzene 
from I mole of benzoquinone, and (2) acetylation in approximately 50 : 50 v/v 
acetic anhydride-acetic acid gives rise to 0*7 mole of 1 : 2 :4-triacetoxy benzene, 
0*17 mole of hydroquinone diacetate and 0*17 mole of 1:2:4: 5-tetra-acetoxy 
benzene from i mole of benzoquinone. 

(c) 5 g- of toluquinone in 40 ml, Ac *0 was treated with 2 ml. of 60 % vr/w 

HCIO4. The solution was allowed to stand for i hr. and was poured into 150 ml. 
of w'aler. The crystalline product was filtered off (6*5 g.), and the Strate 
saturated with sodium chloride and extracted with ether. The oily ether extract 
was treated with a little methanol, when it slowly deposited a further i*o g. 
of crystalline material. The residual methanol solution was evaporated down 
and yielded 2*7 g. of an oil. The combined cr^’stalline products had m.p. 
104-7® c. and consisted of nearly pure 2:4: 5-triacetoxy toluene ; m.p. on 
recrystallisation from methanol, Ii2-ii4®c. The oil could be crystallised by 
cooling wuth soli<l CO*, but the ciy'-stals melted below room temperature. On 
distillation in the vacuum of the w^ater pump, nearly all the oil distilled between 
270 and 280® c. The oil is probably a mixture of the two other isomeric tri¬ 
acetoxy toluenes, but it w'as not separated into two fractions. (Found : C. 58*8 ; 
H, 5 5 %. Calcd. for : C, 58 8 ; H, 5-3 %,) 

(d) 10 g. of toluquinone in a mixture of 40 ml. acetic anhydride and 35 ml. 
acetic acid was treated with 4 ml. 60 % w/w HCIO4. The solution w'as allowed 
to stand for 20 hr. and w^as then poured into 300 ml. of water saturated with 
sodium chloride. Ether extraction yielded an oily product vchich, on standing 
in ether, deposited i g. of crystalline product {A). The filtrate, on evaporation 
of most of the ether, gave a further 0*4 g. of {A), Complete removal of ether 
gave a further 4*5 g. of solid (B). Dissolution of the residual oil in ether, followed 
by the addition of 100-120® c. ^troleum ether yielded a further 3 g, of crystalline 
precipitate (C), The residual filtrate yielded, on removal of solvents, an oil (D). 

{A) was characterised as nearly pure 2:3:5: 6-tetra-acetoxy toluene. It 
had m.p. 189-195® c. which, on recrystallisation from acetic acid, rose to 197- 
198° c. Further recrystallisation did not alter the m.p, (Found : C, 55-7 ; 
H, 5’2 %. Calcd. for CjiHjiOg : C, 55*7; H, 4*9 %.) Hetlbron’s Dictionary 
gives m.p. 198® c, 

(B) was separated by crystaUisation from acetic acid-water mixture into 
1*8 g. of 2 : 3 : 5 : 6-tetra-acetoxy toluene and 2*5 g. of 2 : 4 : 5-triacetoxy tcAuene 
(m.p. iza-zi4® » mixed m.p. 112-XX4® c.). 
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(C) was separated by crystallisation from methanol-water mixtures into 
0*2 g. of 2 : 3 : 5 : 6-tetra-acetoxy toluene and 2*3 g. of 2 : 4 : 5-triacetoxy toluene. 

(jD) slowly deposited a further 1*2 g. of 2:4: 5-triacetoxy toluene from 
methanol solution, but the remaining oil could not be resolved. It is considered 
improbable that this oil contained a tetra-acetoxy compound, because of the 
low solubility of such compounds in methanol, but the two other isomeric tri- 
acetoxy toluenes were probably present, together with 2 : 5-diacetoxy toluene 
(by analogy with the benzoquinone products), and some residual 2:4:5- 
triacetoxy toluene. The oil contained a large amount of acetic acid, which 1 ^ 
to decomposition on distillation, and the acetic acid could not be removed by 
washing an ether solution of the oil with aqueous NaHCO*, since this led to 
serious decomposition, with the production of an intensely red colour. A similar 
decomposition occurred when an attempt was made to separate the constituents 
of the oil chromatographically on an alumina column. Further investigation 
was therefore not attempted. 

Summarising for toluquinone, (i) acetylation in approximately 100 % acetic 
anhydride gives rise to about 0-7 mole of 2:4: 5-triacetoxy toluene, with a 
fur^r 0*3 mole of probably a mixture of the two other isomeric triacetoxy 
toluenes, and (2) acetylation in approximately 50 : 50 v/v acetic anhydride- 
acetic acid gives rise to 0*3 mole of 2:4: 5-triacetoxy toluene, 0*13 mole of 
2:3:5: 6-tetra-acetoxy toluene and an oil which has not been separated, but 
probably contains the two other i<$omeric triacetoxy toluenes and 2 : 5-diacetoxy 
toluene. 

Finally, a simple experiment showed that " acetyl perchlorate " is a very 
effective catalyst for the Thiele aetylation : 2*1 g. of benz<^uinone was treated 
in 18 ml. of acetic anhydride with 2 ml. 10 % w/v AgC104 in AcjO, and slightly 
less than the theoretical quantity of acetyl chloride. Disappearance of the 
benzoquinone in solution was almost immediate and the liquid became hot. 
After the AgCl had coagulated, it was filtered off, and the solution run into a 
large volume of cold water. An oil separated which crystallised on shaking. 
The crude product (4 g.) gave, on recrystallisation from methanol, 1:2: 4-tri- 
acetoxy benzene, m.p. 97*5° c. (yield over 80 %). 

Several difficulties were encountered in an intended study of the acetylation 
of 2 : 5-dimethyl' benzoquinone-1 : 4 (^-xyloquinone). Firkly, /»-xyloquinone 
was found to undergo a rapid photochemical reaction in acetic acid or acetic 
anhydride solutions, giving rise to a red product, so that work had to be carried 
out in vessels protected from the light. Then, although the redox potential 
of ^-xyloquinone is o*597,* oxidation of the iodide ion by the quinone wfis found 
to be sluggish unless very high concentrations of acid and potassium iodide were 
used for riie iodometric estimation. Under such conditions the iodometric method 
became inaccurate as the HCIO4 interfered in the determination, causing irre- 
producibility in the results. It should be possible, however, to study the reaction 
of this quinone using sulphuric acid or acetyl ffuoborate as catalyst. 


Summary. 


A kinetic study of the acetylation of benzoquinone and toluquinone in 
mixtures of acetic acid and acetic anhydride has been made, using an iodo¬ 
metric method. The reaction does not proceed in the absence of mineral acid, 
and is not catalysed by AgC104. With HCIO4 as catalyst, the rate of disappear¬ 
ance of quinone obeys a first-order law, for a constant composition of medium 
throughout the reaction ; AgCl04 a veiy small acceleratory effect. The 
reaction rate varies markedly with the AC| 0 /(Ac 0 H), ratio in the solvent, 
and this variation parallels that shown by the acidity of the medium,but there is 
no general relationship between the reaction rate and the (^h)^®®*. The activa¬ 
tion energy is constant in solvent mixtures containing up to about 80 % v/v 
AcgO, but falls off thereafter. In the range of constant high activation energy, 
14*4 and 13*6 kcaJ./g. mol. for benzoquinone and toluquinone respectively, tlie 
rate of reaction for both quinones varies linearly with the apparent acidity 
function and follows the general equation: 




where » o in the case of benzoquinone. 

Results obtained with and without the use of CCI4 as a diluent are' mutually 
and quantitatively consistent, thus demonstrating the absence of medium effect. 



H. A. E. MACKENZIE AND E R- S. WINTER i 8 i 

The product of the acetylation of benzoquinone in approximately loo ^ 
Ac ,0 is nearly entirely 1:2: 4-triacetoxy benzene^ but in 50 :50 v/v acetic 
acia-acetic anhydride, the product is a mixture of 1:2: 4-triacetoxy benzene, 
hydroquinone diacetate and 1:2:4:5-tetra-ac6toxy benzene. Toluquinone 
behaves in an analogous manner. The acetylation of benzoquinone in acetic 
an^dride, with the solution resulting from the reaction between AcCl and 
AgClOi in ActO as catal3rst, yields only 1:2: 4-triacetoxy benzene. 

Imperial College of Science and Technology, 

Soi/Uh Kensington, 

London, 
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Volumetric Analysis. Vol. II. Titration Methods. By 1 . M. Kolthoff 
AND V. A. Stenger. (2nd Revised Ed.) Interscience Publishers, 
Inc., New York and London, 1947. Pp. xiii -f 374. Price 36s. 

In 1928 Prof. Kolthoff, in collaboration with Dr. H. Menzel of Dresden, 
published a monograph entitled Die Praxis der Massanalyse, which was 
translated into English by Dr. N. H. Furman and, a year later, published 
in two volumes by John Wiley and Sons. Possibly because of the popular¬ 
ity of Sutton’s book on volumetric analysis and of the vogue that Tread¬ 
well and Hall's works have enjoyed in this country, this translation be¬ 
came less widely known and used in Britain than it deserved to be. The 
first two volumes of the second edition have now been published, this 
time with V. A. Stenger of the Dow Chemical Company at Michigan as 
the translator and collaborator. 

Prof. Kolthoff has always l>een a strong supporter of the claims of 
volumetric over gravimetric methods of chemical analysis, and the critical 
and original investigations that, with a long succession of students, he 
has made at the University of Minnesota have done much to dispel the 
view that volumetric methods are necessarily less accurate than those of 
gravimetric analysis. His work with his students has covered such a 
wide range of volumetric methods that in the present volume, which deals 
with the practice and application of titration methods, the authors are 
able to present critically selected methods for determining different in¬ 
organic and organic substances. The limitations of a given method and 
much information concerning its precision and accuracy, often the result 
of first-hand acquaintance, are given frequently as notes to the procedures 
that are detailed for the various determinations. These notes provide 
much that is interesting and of value to the reader. 

The subject-matter is arranged on what may be called physico-chemical 
lines, and in this sense the treatment is more academic than might be 
expected in a practical book on volumetric analysis. The procedures 
described are arranged according to the type of reactions involved in the 
titrations rather than to the field in which they are applied, but the reader 
who may be disappointed with this method of classification and would 
prefer a more utilitarian arrangement will find adequate compensation 
in the fullness of the subject-index. 

So far as one is able to judge, the work of revision has been done well, 
and although in their preface the authors are careful to point out that the 
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work does not include a complete discussion of methods published outside 
America since 1940, the text is quite well supported by references to 
papers published since that time. In a future edition, two omissions 
that might well be rectified, if only by references to the literature, are a 
later modification (Pamas, Z. anah Chem., 1938, 114^ 261) of the Pamas- 
Wagner micro-apparatus to be used in determining macro-amounts of 
ammonia, and Pugh*s method (/. Chem. Soc., 1937, 1^24) determining 
chloride or bromide ions by titration with mercurous perchlorate, bromo- 
phenol blue being used as an adsorption indicator, quite one of the best 
examples of the use of an indicator of this type. 

The authors find so much new work to have been published since the 
first edition of this book was written that a third volume will be needed. 
As this will deal with oxidation-reduction methods, the present volume 
has been limited to titrations involving acid-base, precipitation, and 
complex-formation reactions. 

The early chapters of vol. ii contain much information of general 
interest to all who use volumetric apparatus and methods, the sections 
dealing with the drainage of burettes, with the requirements for primary 
and secondary standard substances— 2l matter too often neglected in this 
country—and particularly the two long sections that describe primary 
substances for standardising acids and alkalis, being of special interest and 
value. In fact, this volume is one of few places where there is readily to 
hand useful and essential information on the preparation and examination 
of most of the pure substances needed in this branch of analysis. Another 
commendable feature is the information given about indicators, especially 
the table on mixed and screened indicators for acid-base titrations. 

The volume challenges interest from the start for on the second page 
of the first chapter we learn that glass vessels the surface of which is 
contaminated by grease “ generally deliver a volume which is somewhat 
too large ", and on the next page there is a reference to unpublished 
experiments that indicate thermal hysteresis effects in glassware may bo 
much smaller than has generally been supposed—indeed they may be 
negligible for the purposes of volumetric analysis. Readers may be less 
ready to accept the authors* statement (p. 31), concerning the preparation 
of standard solutions by the dissolution and accurate dilution of a weighed 
quantity of solid, that "it is a good practice to invert tlie flask from 
thirty to forty times *'. 

It is a pity that the writers of this book vacillate between expressions 
of the form *' 25 ml. is added ** and " 25 ml. are added," a fault that did 
not occur in the first edition where the correct form was used. There are 
other expressions that may grate on an English ear—the proof-reading, 
in fact, leaves a good deal to be desired. The printing of the book and the 
quadity of the paper are only adequate; they do not reach the standard 
set by the first edition, but it may be unfair to expect them to do so. 

The appearance of vol. Ill, promised for late 1948, will be awaited with 
interest and, if its subject-matter is as good as that of vol. I and II, then 
any analyst who has the completed work, and " Sutton,’* at his disposal 
will have in English all that he needs on this subject for some time to come. 

L. S. T. 
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Fbytikali8clie CUiemie. By Werner Kuhn. ( 3 Td Ed.) Wepf Sc Co., 
Verlag, Basel. Pp, xi + 374, Price 15 Swiss Francs. (In German.) 

The title of this elementary text-book is somewhat misleading as, in fact, 
only a few branches of physical chemistry are covered. The subject- 
matter included probably satisfies the requirements of some intermediate 
stage in a particular University curriculum, though clearly not a stage 
at which the student has reached the same standard all round the subject. 
Thus, about 300 pages of Prof. Kuhn's book are devoted to thermo¬ 
dynamics and electrochemistry, whereas reaction kinetics, quantum theory, 
spectroscopy, etc., together occupy about 35 pages; atomic and molecular 
structure, valency, etc., are completely outside the orbit of the book. 

The treatment of thermodynamics itself only covers certain aspects 
of the subject. It is meant to help the weaker student with the unfor¬ 
tunate consequence of not including anything which might stimulate 
the good one. However, in spite of this bias, the text does not help to 
establish in the reader's mind the connection between laboratory measure¬ 
ments and the thermodynamic quantities, which to many students 
presents the greatest difhculty in the study of the subject. The experi¬ 
mental side of ph5rsical chemistry is deliberately left out of the book, 
and numerical examples of real merit (as distinct from numerical substitu¬ 
tions in formulae) are lacking. 

In short, whatever place this book may have in some particular course 
of instruction, where its gaps and the other sides of the subject are properly 
allowed for, it cannot be recommended as a general students' text-book. 

V. G. 

Introduction to Modem Physics. (4th Ed.) by F. K. Richtmeyer 
AND E. H. Kennard. McGraw-Hill Publishing Co., Ltd., London. 
Pp. xvii 4- 759. Price 36s. 

Since its first appearance 20 years ago, this book has been recognised as 
one of the best surveys of the origin and development of some of the more 
important concepts of modem physics, both classical and modem. For 
students of chemistry and physics, it should form the basis on which more 
specialised courses can be built. In the first edition Richtmeyer obviously 
derived great pleasure and enjoyment in telling a fascinating story, rather 
than in providing a compendium of information which was up-to-date, 
rigorous and comprehensive. In the third edition, Prof. Kennard made 
extensive alterations ; he has to a large extent modernised the viewpoint, 
yet has successfully retained most of the characteristic features and the 
spirit of the original text. It now represents an up-to-date equivalent 
with a newer perspective. 

In this fourth edition, the main body of the text is retained. The 
changes in the chapter on atomic structure and optical spectra are 
welcomed; the discussion is now primarily in terms of quantum states 
rather than of wave functions. This surely is the correct approach in 
an introduction which has much that will appeal to those less mathe¬ 
matically minded. The most extensive changes are naturally in the two 
chapters^ on the nucleus and cosmic rays^these have been extended to 
include short sections on the induction accelerator, the synchroton, nqelear 
fission, the Chicago “ pile," etc. The section on mesons has been rewriften 
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and lengthened but only the more important aspects, where some definite 
conclusions have apparently been reached, are discussed. 

This book is, as is well known, one of the International Series of Pure 
and Applied Physics—^there is thus no need to speak highly of the printing 
and binding, which is of pre-war standard. We have always recommended 
this book without reserve—^while reiterating this recommendation, we 
must express some regret that it has not been possible to reduce the price 
of this popular book in its 4th edition below 36s. 

Encyclopedia of Chemical Technology. Vol. I. (A to Anthri- 
MiDEs). Ed. by Dr. R. Kirk and Dr. D. Othmer. Interscience 
Publishing Inc., New York. Pp. xxiv + 982. Price I20. 

The need of a modem, specialised encyclopedia of chemical technology 
in these immediate post-war years is obvious. This will be fulfilled to a 
large extent in the series of 10 volumes which is now promised, the first 
of which concludes with Anthriirides. Workers in industry, in research 
associations and in the universities will welcome this book, since if we 
may judge from this volume, they will have a comprehensive guide to 
the entire field with all its ramifications. It will save many hours of 
literature search since the material has been collected over an extensive 
field. 

In each section, sufficient theory to bring out established principles is 
included and then follows a lavish display of information of the knowledge 
at present available on materials, methods, processes, equipment, costs, 
etc., including flow-sheets and well-designed diagrams. It is natural 
that American processes should be given preference but there are also 
well-balanced accounts of other recognised processes. We are informed 
that all the articles, although written by specialists, have been reviewed 
by other competent authorities before publication—it is believed that 
this volume shows the wisdom and advantages of such a policy. 

Each section is provided with a short but well-selected bibliography 
and there is a system of cross-reference which assists in finding the article 
of interest. Since, however, one must wait quite a few years before the 
final volume writh its index appears, it is suggested that an Abridged 
Index would be of great value. This could be issued as a loose inset 
with each fresh volume and would well serve the purpose of assisting the 
reader in the speedy rediscovery of some fact which he remembers to have 
seen. Such an index would need changes as each volume appeared but 
it need not be in a permanent form until the last volume appears since it 
could be replaced by a new index from volume to volume. 

This first volume will certainly encourage the buyer to continue until 
he has completed the set—one recommends the purchase of the present 
one now, so that the intending owner of the set should not be dismayed 
by the rather costly price of the completed work. 

CORRIGENDUM. 

Vol. 43 , 1947: 

Plate facing p. 396. The three patterns shown as (A), (a) and (6) of Fig. i 

should be (c), (/) and {g) of Fig. 4, and vice versa. 



G. S. W. MARLOW 


Secretary and Editor, ig26-ig48 




3n Eememtirante 


The death of our dear and highly valued friend, Mr. G. S. W. 
Marlow, has filled the hearts of all members of the Faraday 
Society with the deepc'st grief. Physical cht'mists throughout 
the world will sliare it, for Marlow had endeared himself to all 
who c ame to our meetings, or contributed to our Transactions^ by 
his g(*niality, his kindness, and the efficiency of his work in every 
detail. It is no exaggiTation to say that he had become^ an 
internationally known and msp<‘cted personality in the world 
of physico-chemical science', and that his death will be felt as 
a gr(*at perse)nal loss, m)t only by his fedlow-countrymen but also 
by the men (and women) of many nations. 

'The Faraday Society has been ewce'ptionally fortunate in the 
nie'n whe) have' acte'd as Sc'cretary (and Editor). For many years 
Mr. F. vS. S|)ic*rs, who (so far as 1 remember) was the first Sc'cretary, 
re*nde*red eminent ser\ ice's to the Society. In the year 1926 I had 
the' lionour to be' Presiele'iit, and I re'member* an urgent consul- 
talie)n w'ith Sir Robert Ro])t'rtse)n as re'gards the a])pe)intme'nt of a 
new Se'c rc'tary, rench'red ne'ce'ssary by the death e)f Mr. Spiers. 
Re)berts()n had the* brilliant idext of asking Marle)W’ to accc'pt the 
perst. We te*le‘phoned to him, he came round to see us, and he 
agre'c'd to ac t ! He had, I think, been recently called to the Bar, 
having prepared himself for that profession while holding a post 
with the Institute of Chemistry. It is to the great honour and 
credit of Marlow that during the next twenty-one years he devoted 
himself to the great development of the Society, in spite of the 
fact that, as time went on, he bc'came an active and successftil 
barrister. 


Ill 



Marlow was muc:h more to us than the excellent Editor of the 
Transactions and a most efficient Secretary and arranger of the 
General Discussions. It was his outstanding and endearing 
personality as the ever-cheerful friend and counsellor of all—• 
members and invited guests alike—^that contributed so much to 
the success of the famous Meetings (General Discussions) of the 
Faraday Society. Who can forget the friendly and genial smile 
that accompanied his invitations to our distinguished guests to 
join the Society ! Many famous scientists have told me how much 
they appreciated Marlow’s courteous way of making everybody 
feel happy and at home, and the efficiency of his arrangements for 
their comfort during their visits to this country. He did every¬ 
thing well. 

In spite of the grievous loss of his son (who was killed in 
the war), many serious difficulties due to bomb damage to his 
house and his chambers in Gray’s Inn, and much extra work in 
his own profession, he bravely and cheerfully kept the flag flying 
and the work of the Society going during the war. 

The Faraday Society owes him an immense d(‘bt of gratitude' 
for his splendid work. It is sad to think that we cannot now 
have the opportunity of showing him our great appreciation 
of his work and our personal affection for him as a man and 
a friend. 

F. G. DONNAN. 


iv 



THE QUENCHING OF FLUORESCENCE IN LIQUIDS 
BY COMPLEX FORMATION. DETERMINATION 
OF THE MEAN LIFE OF THE COMPLEX. 

By G. Weber. 


Received 8th July, 1946, as revised 2$th April, 1947. 

If a quencher is added to a solution of a fluorescent dye the ratio of 
the fluorescent intensities before and after quenching is^* • 

IJI = N^r^jNr . . . . (i) 

where and N are the numbers of excited molecules that may be de¬ 
activated with emission in the absence and presence of quencher respec¬ 
tively, and fo and r the corresponding values of the mean life of the excited 
state. Only in an ideally collisional quenching is NjN^ =1. In the 
quenching by complex formation we may assume that the molecules 
forming part of the complex are unable to emit. Then JV/iV® = a, the 
degree of dissociation of the complex. The new mean life of the excited 
state of the fluorescence after addition of quencher is 


T = 



• ( 2 ) 


where o is the mean free life of the fluorescent molecules. In general, the 
degree of dissociation of the complex cannot be directly determined, but 
a can be eliminated from eqn. (i). Calling the mean life of the complex 
S, and the total concentration of dye [F], at a definite concentration of 
quencher an equilibrium exists of the form 

l/a.«[F] = l/i;.(l-a)[F] . . . (3) 

where the left-hand side represents the number of complexes formed in 
unit time and the right-hand side the number broken down in the same 
period. Replacing 1/0 by its value given in eqn. (2), solving for i/a and 
introducing this in (i), we have 


/„// = To/r[l 4. 2;/To(ro/r — l)] . . . (4) 


It is evident that if 

1 0// = Tp/r • • * • • (5) 


a rule proposed by Perrin ^ for the quenching by collisions. Eqn. (4) 
shows that JC/rp can be determined if the ratios Jp/J and Tp/r are Imown. 
The first can be easily obtained by photometric measurements while the 
second can be determined from the polarisation of the fluorescent light. 
According to Perrin's theory of the polarisation of the fluorescence in 
liquids * 

I I 


U _ ^^ 

T I_ 

P />0 


(6) 


1 Perrin, Ann. Physique, 1929, la, 169. 

* Wawilov and Franck, Z. Physik., 1931, 69, 100. 

* Perrin, /. Physique, 1926, 7, 390. 

* Sveshnikoff, Acta Physicochim., 1936, 4, 453. 
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whim is the polarisation of the unquenched solution, and p the pokr- 
isaticm after addition of the quencher, while pi is the limiting polarisation, 
i.e. that recorded in a medium where no depolarisation by molecular 
rotation talms place.* 

A convenient graphical method of lEdiowiag deviatkms from eqn* (5) 
is to plot the values of ///«against i/p. This gives a straight line throu^ 
t/p9, if r is negligible compared to u. Eqn. (4), however, shows that 
under present experimental conditions a value id » ro**^ will give 
a straight line passing through i/p* within experimental error. 


Experimental* 

The intensity of the fluorescence was measured by means of a barrier-layer 
photocell using the method of complementary filters. The quenching of the 
fluorescence except in the quenching of riboflavine fluorescence by HCl involved 
no change in the absorption spectrum, as measured with a Hilger spectro¬ 
photometer. Under these conditions equals the ratio of the corresponding 
fluorescent efficiencies.* For the excitation of the fluorescence of riboflavine 
and eosin a combination of two blue filters was used (Coming Glass 5850 and 978) 

while observations were made through 
a yellow filter (C.G, 351). The fluores¬ 
cence of rhodamine B was excited 
through a green filter (C.G. 401) and 
observed through a red one (C.G. 245). 
These combinations were perfectly 
complementary up to moderate light 
intensities. 

In measuring the polarisation of 
the fluorescence the exciting light was 
polarised by a Nicol prism. The 
polarisation of the fluorescence uas 
determined by means of a Savart plate 
and a compensator of Arago of 4 plates.* 
The Savart plate was mounted so that 
it could be tilted about a horizontal 
axis. The interference fringes could 
be seen moving across the field and 
the sensitivity considerably improved. 
The compensator of Arago was cali¬ 
brated using the Fresnel formula.* In 
measuring loiv polarisation.*) a pile of 
glasses inclined at an angle was intro¬ 
duced between the source and the 
compensator to increase the amount of polarised light arriving to the latter.’ 
The sensitivity was thus increa.sed enabling one to distinguish differences in 
polarisation of about i/io when the polarisation of the source w’as 2 % The 
viscosity of the solutions was measured with an Ostwald viscometer. All 
measurements were carried out at room temperature. 

Quenching of the Fluorescence of Rhodamine B by Hydroquinone.— The 
average 27/ro obtained from 6 independent measurements was i*8 ± 0*2. In 
Fig. I the curve is the theoretical one for vH, calculated from eqn. (4) 

and (6). The circles are the experimental values. The solution of rhodamine B 
(B.D.H.) in distilled water contained 2-4 x lo-* g./ml. of the dye and 0*5 % of 
NaH2p04.* The value of i/pQ is 2*4. The measurements were done at 15'^ c. 
According to Gaviola • for rhodamine B, tq ^ 2 x 10^ sec. The mean life 
of the complex would be therefore fC 3*5 x 10** sec. 

• Wood, Physical Optics, Ch. 9, 3rd Ed. (New York, 1934). 

• Ga viola and Pringsheim, Z. Physik., 1926, 24, 24. 

’ Penin, Acta Physica Polonica, 1936, 5, 335. 

• Gaviola, Z. Physik., 1927, 42, 853, 862. 

• In studying the quenching effect of bydroquinone an apparent decrease 
in the fluorescent efficiency might result from the formation of the brown quinone 
which absorbs strongly the blue exciting light. Addition of an acid salt 
(NaHjP04) effective in preventing any appreciable formation of quinone. 
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///« « o ^ves a i/^ distinctly TABLE I 

higher than We have 

found this to a regular 
feature of the quenching of 
eosin, riboflavine and acri- 
flavine by KI. The quenching 
of eosin by hydroquinone 
showed a negative thermal co¬ 
efficient while the quenching 
by KI had a positive one. It 
is remarkable that the quench¬ 
ing by hydroquinone was some 
ten times more effective than 
that by KI. 

In Fig. 2 the curves are 
the theoretical ones for 
«21 and 0*2 respectively. 

The open circles are experi¬ 
mental values for the quench¬ 
ing by KI, and the black 
circles the ones for the quench¬ 
ing by hydroquinone. 

Quenching of Riboflavine 
Fluorescence. — The mean 
life of the excited state of the 
fluorescence of riboflavine m 
aqueous solution was deter¬ 
mined by the method of 
Wawilov,* and by that of 
l^errin,* the last involving the 
determination of the polarisa¬ 
tion of the fluorescence in 
glycerol-water mixtures of 
different viscosities. Both 
methods agreed in a value of 

"^"^^Juenchlttg by Caffeine and Adenosine.—The quenching of the fluorescence 
of riboflavine by purines was not accompanied by any noticeable increase 
in the polarisation of the fluorescen^'e even when the ratio ///* was 0*05. Ac¬ 
cording to eqn. (4) the minimum mean life of the complex would be of the order 
of lo--® sec. The quenching had a negative temperature coeffic^nt and its 
efficiency remained constant up to the highest caffeine concentrations attained 

^ Q^encbing by Hydroquinone and by KI. —Fig. 3 shows the plotting of ijp 

_j- r / r __c V O.ItoX. in a 
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• Wawilov, Z. Physik,, 1928, 53, 665. 

Weil-Malherbe, Btochem. J . i 94 ^ 4 ®* 363- 
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Qiieiicliltig by Adds and Alkalies* —The fluorescence ol riboflavine vanishes 
in strongly acid or strongly alkaline solutions, a fact that has been explained 
by supposing that the fluorescent form is the dipolar ion while the anionic and 
cationic forms are non*fluorescent.^^ The quenching by HCl was accompanied 
by an increase in the polarisation ve^ much like the quenching by KI leading 
to a value of io~* sec. for the mean life of the anionic form in equilibrium with 
the dipolar ion. Quenching by HCl gives rise to a change in the absorption 
spectrum. The anionic form has no absorption in the visible so that ///q is 
systematically higher than the ratio of the corresponding fluorescent efliciencies. 
It seems certain, however, that the figure given is accurate at least as regards 
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Fig. 2. Fig. 3. 

the order of magnitude. Quenching by KOH, on the other hand, gives for the 
mean life of the cationic form 5 x io~* sec. The solvent was in both ca.ses a 
glycerol-water mixture of viscosity 0*0658 at 20° c. 

Discussion. 

The values of the mean life of the complex obtained from the experi¬ 
mental data with the help of eqn. (4) are constant within 10 to 20 % in 
the different cases studied. Eqn. (4) was derived on the assumption that 
the complexes do not contribute appreciably to the fluorescent emission. 
If such were not the case the calculated mean life of the complex would 
show a systematic increase as //Jo becomes smaller. Since no si^iflcant 
increase took place in our experiments the assumption seems justified. 
The quenching processes that yielded a value of T/to greater than i 
showed a negative thermal coefficient and were in every case more effective 
than KI. 

In the quenching of eosin and other dyes by KI it may be doubtful 
whether there is a short-lived complex or that quenching can take place 
when dye and quencher molecule are at non-negligible distance of each 
other. For the other quenchers we may rule this possibility out by the 
use of Einstein's equation 

Ai = (2D/)i 

where Ai is the mean distance travelled by a molecule of diffusion co¬ 
efficient D in time t. If f is substituted by T, Ai is now roughly the 

Kuhn and Moruzzi, Ber,, 1934, 
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diameter of the h)rpothetical quenching sphere, provided £ i^ not too 
short. In the case of the quenching of riboflavine by purines Ai is of the 
order of hundreds of a., and of about 70 a. in the quenching of eosin by 
hydroquinone. 

A (ufference of i/p at vanishingly small mean life and at infinite viscosity 
can be explained by the existence of a dark interval ” between the 
excitation and the beginning of emission as well as by static quenching. 
There is some additional evidence for the first* and a combination of 
both factors cannot be excluded. 

£qn. (4) seems to be of possible application to the determination of 
the mean life of non-fluorescent. tautomeric modifications in equilibrium 
with the fluorescent form, as exemplified by the quenching of riboflavine 
by HCl and KOH. The quenching by acid could perhaps be explained 
as due to collisions by the H,0+ ions in solution : but in that case we would 
expect them to act in a similar way on the fluorescence of many dyes. 
Experiment shows, however, that HCl quenches the fluorescence of eosin 
without any apprecijlble change in the polarisation. 

The author wishes to express his warmest thanks to Dr. M. Dixon, 
F.R.S., for much help in the experiments as well as many interesting 
suggestions and criticisms. 

Summary. 

A simple relation has been derived giving the mean life of the non-fluorescent 
complex as a function of the mean life of the excited state and the relative 
efficiency of the quenched solution. Experimental evidence is offered to show 
that the mean life of the complex calculated in this way is a constant for a given 
dye, quencher and solvent, at a fixed temperature. With the technique employed, 
accurate determination is only possible for complexes having mean lives within 
one order of magnitude of the mean life of the excited state of the unquenched 
fluorescence. In other cases a maximum, or a minimum value can be given. 
The complexes studied had mean lives ranging from jo~* sec. to io“* sec. in 
order of magnitude. 

When the non-fluorescent form is the anionic or cationic form in equilibrium 
with the fluorescent one, it is possible to determine its mean life in the same w^ay. 
This has been done for the anionic and cationic forms of riboflavine in equilibrium 
with the dipolar ion. 

The quenching of the fluorescence of some dyes by KI showed evidence of 
static quenching. The effect is small, however, and admits other alternative 
explanations. 

Sir William Dunn Institute of Biochemistry, 

Cambridge University, 


AN INVESTIGATION OF THE CHEMICAL EQUILI- 
BRIA INVOLVING THE MOLECULES ARSENIC 
TRICHLORIDE, MONOPHENYLCHLORARSINE, 
DIPHENYLCHLORARSINE AND TRIPHENYL- 
ARSINE.* 

By Alwyn G. Evans and Ernest Warhurst. 

Received 19M August, 1946. 

One method of manufacture of ^tAsCl consists in heating mixtune^ 
of AsClt and ^,As at about 250® c. This production of ^jAsCl involves 

♦ Throughout this paper the following notation is used : ^AsClt =* monophenyl- 
chlorarsine, ^AsCl — diphenylchlorarsine and ^sAs — triphenylarsine. 





IQO EQUILIBRIA INVOLVING AsCl,, ^AsClj, ^,AsCl AND 

several reactions and equilibria between the four species AsCl„ ^AsCli, 
^tAsCl and ^^As. This paper is an account of some work carried 
out to obtain quantitative data for these equilibria. The primary ob¬ 
jective was to tod the optimum conditions for the production of ^gAsC). 
Because of this the investigation was not as extensive as we should have 
wished, and the accuracy of the results not of an extremely ^border. 
Nevertheless, we feel that the results as they stand are of some interest. 

Of the possible equilibria involved in a mixture of the four species, 
only two are independent, so that the general state of equilibrium can 
be completely detoed by two constants. We have therefore investigated 
the disproportionation of pure ^AsCl, and pure (^tAsCl in order to deter¬ 
mine these equilibrium constants. We have also studied the reaction 
of AsCla with ^^As. 

The equilibria are formulated below :— 

2^AsClt ^ AsCl, + ^tAsCl . . • (i) 

k, ' (AsCl,)(^.AsCl) 

' /fi*l^AsCl,)* 

1st 

and 2 ^jAsC 1 ^ ^AsCl* + ^bAs . . • (2) 

K = _ (^AsCIb)(^bAs) 

* (^,AsCl)* 

where and are equilibrium constants and and are 

bimolecular velocity constants. 

Experimental. 

Method.—Samples of ^AsCl,, ^jAsCI or known mixtures of AsCl, and ^bA s were 
placed in Pyxex tubes and sealed off in vacuo. The tubes were inserted in metal 
containers fitted with screw caps, and then placed in an air thermostat at the 
required temperature. After various time intervals, tubes were withdrawn, cooled 
rapidly to room temperature, and their contents analysed. 

Materials. —^The AsCl, was a commercial product, and was purified by two 
distillations. A colourless liquid was obtained, b. pt. 130-5'' c. at 760 mm. The 
samples of purified ^AsCl,, ^jAsCl and ^bAs were kindly provided by Prof. A. R. 
Todd. The degree of purity of these materials is shown by the following figures : 

^AsCIb — hydrolysable chlorine 89-2 cc. of n./io NaOH per g. (theor. 89*7 cc.). 

^jAsCl—^ic^ine absorption 75*7 cc. n./io iodine per g. (theor. 75*6 cc.). 

^,As—m. pt. 60*5'* c.; iodine absorption 65*2 cc. n./io iodine per g. (theor. 
65*4 cc.). 

ABalysis.* —About 0-5 g. mixture was weighed out into a 100 ml. separating 
funnel containing 50 ml. dil. NaOH (approx. 2N.) and vigorously agitat^ for a 
few minutes. This brings about the replacement of the Cl atoms by OH groups 
giving a mixture of As(OH)b, ^As(OH)„ ^bAs(OH) and ^As. This mixture 
was extracted three times by gentle agitation with about 15 ml. of chloroform. 
The chloroform extracts were washed successively with 10 ml. dil. NaOH in a second 
separating j^nnel and run ofif into a 500 ml. iodine flask. At this stage the aqueous 
layer contains the As(OH)b and ^As(OH)b. while the chloroform layer contains 
the ^As(OH) and ^As. 

(a) ll^tennlnation of the AeClg and ^AeGl] • —To the aqueous portions a few 
drops of phenolphthalein were added and then dil. HCl (approx. 2 n.) until in excess. 
The solution was then titrated with standard iodine (approx, n./io) with starch 
indicator. 

This gives the reaction : 

Ms(OH), + I, + H ,0 ^AsO. (OH), + 2HI. 

* Based on the methods described in the Sutton Oak Report to the Ministry of 
Supply, 3 /i 2 /i 940 » and the I.C.I. Ltd., General Chemicals Division Report to 
the Ministry of Sujjply (1/11/40). 
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After the addition of 2 to 3 g. NaHCO* the titration was continued to a further 
end point* The reaction determined in this stage is: 

As(OH), + I, 4- H |0 AsO(OH), + 2HI. 

<() Detormination of ^AsGl and To the combined chloroform 

extracts about 50 ml. of distilled water were added, followed by a few drops of 
phenolphthalein and dilute HCl until just acid. About i g. of sodium bicarbonate 
was next added and the mixture was titrated with standard iodine until a faint 
permanent violet colour appeared in the chloroform layer. This reaction estimates 
the total arsenic in this layer: 

^iAs(OH) 4 * I| 4- H,0 -> MsO. (OH) 4- 2 HI 
^iAs 4“ 4" HjO —>• 4" 2 HI. 

The total hydrolysable chlorine was then determined by taking about 0*5 g 
of the mixture, adding 50 ml. absolute alcohol and shaking with 20 ml. N./5 NaOH 
in an atmosphere of nitrogen. The excess NaOH was then titrated with n./io 
HCl using brom-phenol blue as indicator. The reactions involved in this stage of 
the estimation are: 

AsCl, + 3NaOH As(OH), 4- sNaCl 
^AsCl, 4 - 2NaOH ^As(OH), 4- 2 Naa 
MsCl 4 - NaOH ^,As(OH) 4 “ NaCl. 

From the results the individual quantities of AsCl|, ^AsCI^, ^AsCl and ^,A8 
in the mixture may be determined. 


Results. 

The results obtained are shown in Tables I-III, Fig. 1-4. The amounts of the 
four components found by analysis are shown as molar percentages of the total 
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Equilibrium. 

Temp. 

•c. 

Equilibrium < 
Cons taut 

(XIO«). 

Velocity 

Constant 

(oc. moI."i 90C.-1), 
{xic»). 

AH 

Heat of 
Reaction 
kcal. 

E 

Activation 

B 

Temp. 

Independent 

Factor. 

2^AsCl2r^ ^,.\sC14-AsC1j 

256 

11 

A, ^ 3-22 

V= 56-5 

' 1 

+2-6 



304 

A\=7-o 

— 

2^iAsC1 ^ <^AsC1,4-^8^s 

252 

c^ 

1! 

kl — 0*89 

*,♦= I 5 -I 

! 

AHi^ 4 ' 3 ’® 

i 

£, = 37-6 


304 

r 8-0 

y 

18-4 

A, = 227 

A,*= 284 

£,• = 34-0 



starting material. In the case of the more volatile components the analysis figures^ 
which give the total amount of the component in the reaction tube, will not give 
the required value for the molar percentage in the liquid phase at the temperature 
of the experiment. They have accordingly been corrected by a simple equation 
based on Raoult’s law and on the assumption that the vapours b^ve as perfect 
gases. It was found that the correction was very small for ^,AsQ and ^As, 
small for ^AsQ| and of considerable magnitude only in the case, of AsCl|. We 
have, therefore, introduced the correction only for the ^AsQ, and AsQ, values. 

In some cases the reaction was accompanied by a certain amount of decop* 
position, shown by small quantities of a reddish-brown suspension, the amoimts 
of which qualitatively increased with time. Furthermore, the hydrol3rsable chlorine 
and total arsenic were less than the corresponding theoretical values. The dis¬ 
crepancies increased with time and ran parallel to the amount of suspension 
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formed. The solution was always centrifuged and the supernatant liquid used 
for an^3rsis. We do not consider that this decomposition affects the accuracy 
of our results. 

It was found that certain metals catalysed these reactions, and results of ex¬ 
periments in which iron was present in the reaction tube are shown in Fig, i and 2. 
The catalytic effect of various metals is shown in Table II. Their order in this 

table does not necessarily 
correspond to their catalytic 
efficiency, since the extent 
and nature of the surfaces 
were not known. 



Discussion. 


The equilibrium con¬ 
centrations of the com¬ 
ponents, required for the 
calculation of Ki and K^, 
have been obtained by 
graphing the experi¬ 
mental data and inter¬ 
polating the asymptotic 
values of the molar per¬ 
centages. Examples of 
these curves are shown in 
Fig. I, 2 and 3. In the 
case of the ^jAsCl dis¬ 
proportionation at 252° c. 
equilibrium was not reached after 25 hr. (Fig. i). We have, therefore, 
determined the equilibrium constant at this temperature, by catalysing 
the reaction with iron. In this way equilibrium was established after 6 hr., 
and the concentrations were unchanged, within experimental error, for a 
further 6 hr. The equilibrium concentrations were ^AsClt 14*1 %, <^,AsCl 
65*6 %. ^sAs i8-o %, giving A", == 5*9 X io“*. For this experiment the 
fail in ^jAsCl con- 

TABLE II.—^jAsCl Disproportionation in 
Presence of Metals. Temperature 252 c 


Fig. 

O 


I.—^2AsCl disproportionation at 309® C. 
^AsCl. A ^AsCl,. r ^jAsCl. 


centration is shown 
in Fig. I (dotted 
curve). 

Iron was used as 
a catalyst also in one 
experiment on the 
reaction of AsCL and 
^,As (Fig. 2). The 
value of A, (8*4 
X io~*) obtained is 
in good agreement 
with that of 8-o 
X io~* obtained from 
the disproportiona¬ 
tion of ^jAsCl at the 
same temperature 

(curves shown in _ 

Fig. i). The un¬ 
catalysed reaction AsCl, 4 - ^sAs was also studied. The slower rate of 
reaction can be seen from the plot of the ^,AsCl concentration in Fig. 2 
(broken curve). 

Fig. 3 shows the curves for the ^AsClg disproportionation at 256® c., 
giving Ki 5= 5-7 X io~*. This reaction was also studied at 304® c., and 
the equilibrium concentrations were ^AsCl, 55-0 %, ^.AsCl 14*6 %, 
AsCl, 14*6 %, giving Aj = 7-0 x io“*. For this latter case the fall in 
MdClf concei^tration is ^own in Fig. 3 (broken curve). 


Metal. 

state. 

% Disproportioaation 
after x hr. 

Fe 

Pig iron tuming.s 

11-4 

Fe 

Pure turnings 

9*2 

Sn 

Molten 

7 -H 

Co 

T umings 

6-2 

Ni 

Turnings 

4 -f> 

72 oACr/28o/^Fe 
alloy 

Small crystals 

4*4 

Cr 

,, 

3*4 

As 

Turnings 

2-8 

Cu 

2*2 

Glass 


^*5 
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Heats of Reaction. —From the values of Ki and at two different 
temperatures the heats of reaction* AH| and Aiifs» have been determined 
as -f 2*6 and + 3*8 kcal. 
respectively. 

These heat content 
changes are small. Such a 
state of affairs would ob¬ 
tain if the strengths of all 
the As—Cl bonds were the 
same and all the As—C 
bonds were the same for 
the four molecules. Small 
values for AHj and AH,, 
could also obtain, even if 
these bond strengths were 
not constant ; but this Fig. 2. —AsCl, + ^,As reaction in presence of 
would require the grada- iron, at 304® c. 

tions in the As—Cl and □ AsCl,. A ^AsCl,. O ^»AsCl. Y ^,As. 
As^—C bond strengths to be 



related in rather a special 
manner. 

A rough calculation of 
the equilibrium constants 
for the reactions (i) and (2), 
based on heats of reaction 
of about 3 kcal. in the 
temperature range 250- 
300° c., and assuming the 
cancellation of the partition 
functions for translation, 
rotation and vibration 
(which is fairly plausible) 
leads to a value of about 
2 X io“* for both and 
Ki, It is seen that our ex¬ 
perimental values of Kx and 
Ki (Table I) are approxi- 



Fig. 3. 


mately equal and are of the 
same order as that given by 
the above calculation. 

In the manufacture of 
^jAsCl from AsCl, and ^,As 
the influence of variations in 
the molar ratio ^,As/AsCl, of 
the starting material is of great 
practical interest. Since the 
constants Kx and define 
completely the final state of 
equilibrium, the values of these 
constants enable the equili¬ 
brium concentrations of the 
four components to be calcu¬ 
lated for starting materials of 
any ^,As/AsCl, molar ratio. 



The method of calculation, for Fig. 4. 

a starting material containing q ^^AsCI disproportionation at 304® C, 

a moles of ^,As and b moles of q ^,AsCl disproportionation at 252® C. 

AsCl,. is illustrated as follows : A ^lAsCl, disproportionation at 256® C. 







194 EQUILIBRIA INVOLVING AsCl,, ^AsCl,, ^,AsCl AND ^jAs 

“f- AsClj ^AsClf -f- ^(AsCl 
{d—x) (h—x) X X 

^AsCls + ^sAs ^ 2^tA9Cl. 

{x-y) (a-x-y) 2 y 

The equilibrium amounts are thus : AsCl, =: b — x; ^AsCl, = ^ y ; 
^iAsCl = AT -f 2^^; ^,As = a — a; -- y ; and substituting in the ex¬ 
pressions for Ki and 

Af*(i 4- Ki) — i>Ar — 2by + 2a^v(i — Ki) + = o 

Ar*(i + JT,) ^ ax ay + ^K^pcy 4 - >'*{ 4 Ar, - i) = o. 

These can be solved to give x and y in terms of the ratio ajb. Hence the 
equilibrium concentrations can be evaluated in terms of the molar ratio 
^jAs/AsClj of the starting material. Table III shows a few typical 
examples of results obtained by the above method. 


TABLE III. 


Molar Ratio 
4 $Ajs/AsCI, 
of Starting 
Material. 

Equilibrium Molar %. 

AsQ,. 

4AsCl,. 

4 iA8 C1. 

4»As. 

O 

lOO 

O 

0 

0 

0*5 

17*5 

65*0 

17*5 

0 

1*0 

3*5 

4^*5 

46*5 

3*5 

1*5 

1*0 

28-5 

60’O 

10-5 

2*0 

0 

18*0 

63*5 

i8*5 

4-0 

o 

5*0 

50*0 

45*0 

00 

o 

0 

0 

100 


Kinetics of the Reactions. —It was found that in the disproportionation 
of ^AsCl„ the concentration of ^,As formed during the reaction was 
negligible and that AsCl, and ^^AsCl were produced in approximately 
equal concentration. Similarly, in the disproportionation of ^jAsCl the 
concentration of AsCl, was found to be very small and the concentrations 
of ^AsClj and ^,As were again approximately equal. We can, therefore, 
consider these disproportionation reactions to consist of two opposing 
bimolecular reactions, as formulated earlier. 

In the general case : 

k 

2A B 4- C, and K — klk*, 

*• 

let the concentration of A at zero time be a moles./cc. and the concentration 
at time / be (a — at) moles./cc. 


Then 


Integrating: 


^A) 




aVkk* 

This simplifies into; 


In 


I ^ 2 * + I _ ^ 

\ 2 k - ^kk*/^ j 


Vif, 


Vkk' 

f tux — a\ 
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-If iL 

4k-k* \ I 

2k - VW*] ^ ^ '^iVk' 

In our disproportionation experiments the starting material was pure 
^AsClj or pure ^aAsCl. In these cases, therefore, a is equal to i/F«, 
where is the molar volume at the particular temperature. We may thus 
write: 




• (3) 


where x* is the amount per mole of A which has disappeared at time t 

Although rough values of k can be obtained by estimating the slopes 
of the appropriate curves at zero time, the constants can be evaluated 
with much greater accuracy from eqn. (3). If the left-hand side of 
eqn. (3) is plotted against t, the result should be a straight line passing 
through the origin, the slope of which is k/V^. The constant k* can then 
be found from the relation K — kjh*. This calculation has been carried 
out for the ^AsCl, disproportionation reaction at 256° c. and for the ^*AsCl 
disproportionation reaction at 252® c. and 304° c. These plots are given 
in Fig. 4 and the values of the velocity constants in Table I. The straight 
lines obtained from the experimental data support the view that the 
reactions involved in these equilibria are all bimolecular. 

From the data for the ^jAsCl disproportionation reaction at the two 
temperatures we have calculated the activation energies, £, and the 
temperature independent factors, B, for the forward and reverse reactions, 
using the expression k = The results are given in Table I. 

The temperature independent factors for the forward and reverse reactions 
are seen to be very nearly equal, as would be expected from the similarity 
of the two reactions. 

From these results we conclude that in these reactions states of true 
equilibrium are attained. The individual reactions are bimolecular, and 
involve small heat changes, as one would expect since they involve merely 
the exchange of chlorine and phenyl radicads from one arsenic centre to 
another. 


The authors wish to express their best thanks to Prof. A. R. Todd, 
F.R.S., for much helpful advice and encouragement, and to the Director- 
General of Scientific Research (Defence), Ministry of Supply for permission 
to publish this work. 


Summary. 

We have examined the disproportionation reactions of ^AsCl| and ^gAsCl. 
and the reaction between AsClj and ^gAs. We find that these reactions lead to 
states of true equilibrium by means of opposing bimolecular processes. We have 
determined the equilibrium constants, heats of reaction, velocity constants, activa¬ 
tion energies and temperature independent factors involved in these reactions. 
From our data, the equilibrium concentrations of the four comjwnents can be 
calculated for starting material of any composition. 

Chemistry Department, 

The University, 

Manchester» 
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LIST OF SYMBOLS. 

Temperature (® k.). 

Mass law constant of order n. 

Time (min.). 

Order of reaction. 

Pre-exponential frequency factor in Arrhenius Law. 
Average specific heat of system (cal. 

Molality (mol. kg.~^). 

Heat of reaction (cal. mol.“^). 

Apparent energy of activation (cal. mol.""*). 

EIR (i/r ~ i/T,). 

Maximum slope dTjdt of heating curve. 


Subscript o 
Subscript / 

Star (T*) . 

Dash (T) . 

Double Dash (T") 


Subscripts and Superscripts. 

Refers to zero time. 

Refers to final, or asymptotically approached, values. 

Refers to temperature where d*r/df* vanishes. 

Refers to temperature where d*r/d/* vanishes, (provided 
T < T*). 

Refers to temperature where d*r/d/* vanishes (provided 

T" > r*). 


Kinetic measurements are conventionally carried out at constant 
temperature and expressed in terms of velocity constants calculated 
from the law of mass action. From a series of runs at different tempera¬ 
tures the well-known Arrhenius plot leads to the determination of E and X. 
According to the new method here proposed, reaction runs are carried 
out adiabatically instead of isothermally. There are both advantages 
and disadvantages attached to this change. The mathematical treatment 
is necessarily more complicated when an additional parameter, the tem¬ 
perature, is allowed to vary instead of being kept constant; on the other 
hand, the temperature change becomes available as a physical property 
for following the progress of a reaction and puts the accuracy of modem 
thermometric equipment at the disposal of the kineticist. Before weighing 
up such factors in a critical discussion, the mathematical evaluation of 
kinetic time-temperature data will be described. 

When a reaction proceeds adiabatically, the temperature varies with 
time owing to the reaction heat liberated or consumed, and one obtains 
so-called heating or cooling curves. The differential equation appropriate 
to such curves v^l first be deduced on the basis of six assumptions ; next 
the evaluation of the parameters n, E and X from certain plots ba^d on 
this equation is explained. Such plots are founded on the data of a single 
adiabatic run, though a special technique, compounding data from a 
number of runs, will also be mentioned. Moreover, the differential 
equation may be differentiated in order to obtain relations involving special 
points which can be spotted on a heating curve, especially the inflection 
point; these points and relations are valuable as they give immediate 
estimates of n and E, 

Finally the differential equation can be solved if n and E are known 
and n is integral. We thus obtain a direct and complete check by com¬ 
paring experimental and theoretical time-temperature curves since the 
theoretical law, in its integrated form, permits the quantitative prediction 
of the complete heat effect of a chemical reaction carried out adiabatically. 
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Data are already extant on the heat effect of reactions used technologically, 
particularly in the polymer held, and within the limits of the listed as¬ 
sumptions this paper provides the xnathematical theory underlying such 
data. 

Assumptions.—(i) The law of mass action holds. 

Activity coefficients are assumed to be equal to unity. Weight con¬ 
centrations replace the conventional volume concentrations both for 
convenience and in order to make some allowance for volume changes, 
if any, occasioned by the reaction progress and/or the change in tem¬ 
perature.^ Except where the contrary is stated, the mass concentrations 
of all reactants which significantly diminish (by reacting away) are taken 
to be molecularly equivalent. 

(2) The law of Arrhenius relating velocity constants with temperature 
holds. 

(3) The heat change is due practically exclusively to a single reaction. 
In particular this requires that (a) secondary chemical or physical changes 
do not contribute thermal effects to the heating or cooling curve, and 
(6) secondary changes do not enter into the kinetics of the main reaction. 
Thus the reacting or catalysing species of the main reaction are neither 
produced nor consumed significantly in secondary chemical changes, 
whether these be relatively slow, so as to enter the kinetic scheme as rate 
constants, or fast enough to enter it as equilibrium constants. 

(4) The heat of reaction is independent of temperature. 

(5) The specific heat of the system is independent of temperature and 
composition. 

(6) The system is sufficiently closely adiabatic. 

Mathematical Analysis of Adiabatic Heating and Cooling 
Curves. 

The fundamental law governing the time-temperature plot of an 
adiabatic reaction is deduced as follows. Assumptions (4) to (6), and 
the last part of assumption (i), together imply that the rate of temperature 


change is a direct measure of the progress of an adiabatic reaction. 

Thus 

1 r, - r| = cH/c 

or in differential form 

• 

• (I) 

± dr = (H)Cdc 

Next, combining the mass law for a wth order reaction 

• 

• (2) 

= — c”** dc/dt 

with the Arrhenius law 

• 

• (3) 

we obtain by eliminating 

• 

• ( 4 ) 

dc/dt == - . 

. 

• ( 5 ) 


In this equaition we finally eliminate the concentration c by substituting 
from eqn. (1) and (2): 


± dT/dt = , . (6) 

and thus obtain the fundamental differential equation governing the 
heating or cooling curves of adiabatic reactions. 

A slight rearrangement gives a form convenient for plotting experi¬ 
mental data. For sdl but first-order reactions we have ; 

n I : ln[d(T, -- Ty-^/dt] = ln[(n ~ i) . X . (C/H)--^] - E/RT (7) 
while for a first-order reaction eqn, (8) holds : 

« « 1 : ln[- d In (T, - T)ldf] == In A' - E/RT 

^ See Bartlett and Altschul, /. Amer, Chem. Soc,^ 1945, 67, 817. 


. '(8) 
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In either case the left-hand side—obtained from e9q>erimental data-^is 
plotted against i (T, and E found from the slope. If n is correctly chosen, 
a straight-line plot is obtained in all cases. The important first-order 
case is fortunately independent of H and C, and X is directly obtained 
from the intercept. When n 5^ i» the calculation of X requires an estimate 
of the ratio CjH which will generally be obtained by substituting the 
initial experimental values To and c© in (i), though independent 
measurements could be used. 

Turning now to the general outline of curves obeying the differential 
law of eqn. (6), it is clear that in endothermic reactions T > Tf and dT/dt 
is negative, increasing steadily to zero, its as3miptotic value. The much 
larger class of exothermic reactions now to be discussed lead to the S- 
shaped heating curves familiar in thermal studies of vulcanisation, polymer¬ 
isation, etc. According to eqn. (6) the S-shape results from the progressive 
balancing and final swamping of the temperature effect (exponent!^ term) 
by the mass action effect represented by the term (T, T)". Formally 

any exothermal adiabatic reaction obeying eqn. (6) belongs to an S-shapc^ 
heating curve which may be extrapolated in theory back to an asymptotic 



approach of the absolute zero. This feature is shown in the accompanying 
sketch which also illustrates results obtained by forming the first two 
differential coefl&cients of eqn. (6) with respect to time. The vanishing 
of the first locates the inflection point of the S-shape : 

r, - r* = nRT**IE ... - (9) 

The vanishing of the second locates the points T' and T" : 

r, - r' = G'nRT'^E .... (10) 

Tf - r" = G"nRT"»IE . . . (ii) 

where G' and G" are easily calculated functions of n (and, formally, of 
the ratios EjT' and EJT" respectively; the slight dependence of G' and 
G^' on these ratios can be neglected). 

A spotting of these points—^particularly the easily found inflection- 
point—saves unnecessary graphing by suggesting the correct value of n; 
thus two heating curves agreeing in all their parameters except that one 
belongs to a fiarst- the other to a second-order, reaction, have in practice 
inflection points 15° or 20° apart. Moreover, the temperature being 
measured electrically, and since currents can be differentiated with respect 
to time quite accurately by well-known electrical circuits, direct measure¬ 
ment of these critical points by electrical null methods does not seem ex¬ 
cluded ; hence E and n would be found and checked from eqn, (g) to (ii). 
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Instead of confining attention to a single heating curve, one can com¬ 
bine data from a number of adiabatic runs on the same reaction. Thus 
a linear plot can be based on measurements of T* and the slope M at 
r* (see Fig. i) for a number of runs according to the following equation : 

In = - E/nRT* -f ln{nR/E) + (i/«)lu X + 

[(«-.!)/«] In (C/H) .... (12) 

The left-hand side is plotted against i/T*,' 

While a number of ways have now been presented for working up 
mathematically time-temperature data of adiabatic reactions, a direct 
comparison between theory and practice, as distinct from a mere com¬ 
putation of the best parameters to fit given curves, is afforded only by 
direct solution of the differential eqn. (6). 


Integration of the Adiabatic Heating and Cooling Law. 


For integral reaction orders n, eqn. (6) can be integrated in terms of 
the tabulated exponential integral: 


Eiiy) = Ax ... . (13) 

One uses the substitution : 

Q ^ (ElR){ilT - i/T,) 

so that r, - T = RT,^QI(RT,Q + E) 

and r = Fr,/(Rr,0-f F) .... (14) 

in eqn. (6) and obtains : 

d^ d^ dr d(i/r) 
do'^dr*d{i/r)’ dg 


Hence 


-i- 

x\: 


C y * / RT^ 4- £ \ q / ET, \ * R 

h) I •\rt,q + e) 'E 


t 


nRT,Q + E)n-* 

J G" 


e«di? 


( 15 ) 


(16) 


(with the proper limits of integration) where a is a known quantity. 
The last integral is expressed in terms of the subsidiary integrals 


J, =Je 9 / 0 '- dQ with 2 <r < n . . . (17) 

Jr is itself reduced'to 7i = Ei(Q) by integration by parts thus ; 

{r - i)Jr = Jr-i - etc. . . . (18) 


The unimolecular case, w = i, can be easily integrated, the solution being ; 

i = - -^<( 6 )]] • (19) 

where tlie positive sign on the right-hand side refers to an exothermic, 
the negative to an endothermic reaction. 

It should be noted that X generally enters the solutions merely as a 
multiplier of t ; variations in its value are therefore equivalent to a 
variation in the time unit employed. It is accordingly sufficient to know 
n and E in order to compare an experimental heating or cooling curve 
with its correct theoretical counterpart. These theoretical cuii^, 
typified by eqn. (19), form the basis of interpretation of time-temperature 
data collected by chemical technologists investigating the “ heat-effect 
of reactions carried out adiabatically. 
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Discnsslon. 

We now come to a discussion—of a preliminary nature-^f the possible 
value of the adiabatic method for mal^g kinetic measurements. A full 
statement will clearly have to await the execution of planned adiabatic 
experiments on reactions selected from the wide range already explored 
by the isothermal technique. 

When examining the validity of the listed assumptions on which our 
mathematical treatment is bas^, two general considerations are of im¬ 
portance. The first is that assumptions (4), (5) and (6), and usually 
(2) and (3) also, are true conditions as the range of time-tem¬ 

perature measurements considered is reduced. This is also true of devi¬ 
ations from molecular equivalence as postulated in assumption (i). While 
it is obvious that in practice a reduction in the range of data employed is 
sooner or later checked by the attainable accuracy of thermal measurements, 
a brief note on modem thermometric technique will show that measure¬ 
ments can in fact quite accurately be made on relatively narrow ranges. 

The second consideration is founded on the fact that, according to 
eqn. (7) and (8), the adiabatic plots are in fact analogous in form to the 
traditional Amhenius plots, the expressions In [d(r, — r)*~*'/d(| and 
In [— d In {Tf — Tj/dQ taking the place of and respectively. 
If these expressions can, therefore, be measured as accurately as the 
traditional mass law constants, the same temperature ranges as are norm¬ 
ally covered by a number of isothermal runs for determining E will suffice, 
i.e. about 20 degrees. Such temperature changes can be obtained in 
numerous reactions by allowing them to proceed adiabatically to only 
ith completion. Despite the inaccuracies inherent in the graphical evalu¬ 
ation of the above logarithmic expressions (involving the drawing of 
tangents to suitable graphs), it may be possible, because of the outstanding 
accuracy of thermometric measurements, actually to exceed the accuracy 
with which the mass law constants are determinable from the conventional 
isothermal straight-line plot in individual cases. 

Concerning the listed assumptions individually, the following remarks 
will suffice. Constant deviations of the activity coefficients from unity 
(as postulated in assumption (1)) only affect our mathematical treatment 
in a trivial manner. As regards assumption (2), it is clear that the adia¬ 
batic technique provides no separate verification of the Arrhenius law but 
has to assume its validity. But in cases which are found to be reasonably 
accurately described by our equations it is hardly conceivable that we 
should be misled by mutually cancelling errors into more than minor 
deviations in the measured reaction parameters. The Arrhenius law has 
almost universally been found so well obeyed over temperature ranges 
such as we require (in homo- and hetero-geneous, cat^ysed and un- 
catal5^d reactions), that more ingenuity h^ had to be expended on 
explaining the fact of its accurate verification than departures therefrom. 

Assumption (36) is probably the most troublesome since it excludes 
from the adiabatic technique—^in the simple form here given—such 
composite and complicated reactions as have provided the masterpieces 
of elucidation of isothermal kinetics. It must be admitted that if the 
kinetics are complicated (thus invalidating assumption (36)) the mathe¬ 
matical inconvenience of allowing the temperature parameter to vary 
far outweighs any experimental advantage the adiabatic technique may 
provide. But though it may fail to disentangle the elementary steps of 
complicated reactions, it may yet serve to measure overall ** activation 
enex^es which are occasion^y measured isothermally for such reactions 
as vinyl polymerisation. Assumptions (4) and (5) are not thermodynami¬ 
cally independent in the sense that if the reactant and resultant system 
have the same specific heat, the heat of reaction cannot vary with tempera¬ 
ture ; both assumptions axe, moreover, commonly made in physico-chemical 
work covering temperature ranges as limited as are here required. 
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Regarding assumption (6), it may be stated that with proper technique 
adiabatic conditions are easier to achieve than isothermal conditions. 
An isothermal technique requires heat exchange between the reacti^ 
system and the surroundings and this factor lea^ one to reduce the size 
of the S3rstem. Adiabatic conditions, on the contrary, are favoured by 
increasing the size of the reacting mass, in order to minimise the heat 
transfer. Such transfer can, moreover, be practically eliminated by 
jacketing, and controlling the jacket temperature electronically to cor¬ 
respond with that of the system. 

It is true that the necessity of truly adiabatic conditions entails the 
need for thermometers of very low heat capacity. These are found amongst 
electrical instruments, both thermocouples and resistance thermometers ; 
for accuracy and low heat-capacity the so-called Thermistor " is out¬ 
standing. These instruments allow an accuracy to o*oooi®. It follows 
that in principle an adiabatic reaction covering only lo® c. should be 
measurable to within one part in lo®, which compares very favourably 
with the accuracy of, say, chemical titration used in isothermal experi¬ 
ments. It is also possible to amplify accurately thermo-electric currents 
by a combination of photo-electric and electronic principles.* The 
relative freedom from inertia and time-lag of such systems would be 
valuable in relatively fast reactions ; the advantages could be enhanced 
by replacing the galvanometer by an oscillograph. As already mentioned, 
the current—once amplified—can be difierentiated with respect to time 
by suitable induction circuits. 

Despite the favourable conclusions of this brief discussion, it appears 
as yet a matter for speculation whether an adiabatic technique can be 
generally developed (at least in kinetically straightforward reactions) to 
become a complementary tool to the conventional one. The same re¬ 
servation is not made in respect of the kinetics of polymer chemistry in 
which the author hopes to justify the employment of his method. 

Applications to the Kinetics of Polymers. 

The argument for the employment of the adiabatic method in polymer 
chemistry rests on the following considerations. 

{a) The isothermal technique is generally rendered difficult by the in¬ 
tractability of polymers (insolubility or slow rate of solution, high viscosity, 
etc.) and by the accumulation of the reaction heat. Thus Norrish and 
Brookman,* working on the polymerisation of styrene and methyl meth¬ 
acrylate, find an unavoidable b-shaped temperature rise of 20® c. in a 
thermostatted polymerising system of only 2 cc. in volume. Neither 
conduction nor convection are efiective in the gelatinous polymerisate 
for dissipating the reaction heat; this is stated (loc. cit. p. 162) to limit 
the determination of E, 

(h) As a result of these difficulties thermal studies are already used as 
an approach to kinetics in this field ; though little attempt seems to have 
been made to elaborate these stuffies on a mathematical basis or to 
evaluate the reaction parameters, Bruce, Lyle and Blake * in a paper 
on vulcanisation specifically state that the heat effect during a chemical 
reaction frequently assists in the understanding of its mechanism''. 
Brickwedde • investigated styrene polymerisation by its adiabatic heat 
effect, and thus measured its energy of activation. 

[c) Existing data often demonstrate the a priori suitability of an adi¬ 
abatic technique, though insufficient attention has generally been paid 
to strictly adiabatic cohffitions for a direct working up of published material. 

•/. Sci, Instr,, 1945, 23 , 218. * * 

* Norrish and Brookman, Proc, Hoy. See. A, 171, 147. 

* Bruce, Lyle and Blake, Ind. Eng, Ckem., 1944, 36, 37. 

* Brickwedde, India Rubber World, 1946, 227. 
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In at least two fields, S-shaped heating curves with temperature rises of 
over 100® c. have been observed. One is the field of vinyl polymerisation 
^ready mentioned ; for a graph (unfortunately insufficiently documented 
see*.) The other is that of catal3rsed phenol- and cresol-formaldehyde 
resins.*' 

{d) In a subsequent paper an example is worked out to illustrate, on 
the basis of existing data, the applicability of the technique to the kinetic 
analysis of the vulcanisation of butadiene-st3nene co-polymer with 
sulphur. The author is planning further experimental work in the field 
of the vulcanisation of rubbers. In conclusion, he would plead for the 
publication of relevant measurements, already in existence, on any 
chemical reactions. 

The author desires to thank Prof. H. W. Melville, F.R.S., for his kind 
encouragement and helpful criticism. 

Summary. 

Conventional kinetic measurements, based on isothermal reaction runs, have 
hitherto been used to evaluate the reaction parameters required for the descrip¬ 
tion of a chemical rate process. These parameters are the order n of the reaction, 
its activation energy E and its frequency factor X. A new technique is here 
proposed in which adiabatic reaction runs are employed. The temperature 
change is used to follow the reaction progress. The theory of the heat-effect 
of adiabatic reactions is deduced, and the mathematical working-up of adiabatic 
time-temperature data for the evaluation of w, E and X is set out on the basis 
of stated assumptions. A critical discussion of the method follows and shows 
that it is of particular value in polymer chemistry and wherever viscous rubbery 
or solid reaction media are encountered. The difficulties of heat exchange associ¬ 
ated with isothermal measurements are avoided. To what extent the proposed 
method may be complementary to the conventional in general appears as yet 
a matter of speculation. 

• Industrie de Plastiques, 1946, 2, (2), 42. 

’ Unpublished observations by the author. 


A SIMPLE APPARATUS FOR THE MEASURE¬ 
MENT OF DIFFUSION RATES. 

By a. H. W. Aten, Jun. and J. v. Dreve. 

Received 2 ^th November, 1946. 

Whereas the measurement of the diffusion constant of ordinary 
compounds is a relatively simple matter, the problem presents many 
difficulties with high molecular substances. In this case accidental 
transport of materi^, due to a very slight convection of the liquid may 
easily cause the diffusion rate to be found unduly high. Therefore one 
must either use exceptional precautions against thermal fluctuations and 
mechanical vibrations or resort to a mechanical fixation of the liquid. 
It is, of course, simplest to carry out the diffusion experiment in a jelly, 
but this appreciably slows down the diffusion of large molecules. Northrup 
and Anson have developed an apparatus in which the solute diffuses 
through a porous glass plate. ^ It is not influenced by vibrations, but it 
still requires a very good temperature control and cannot be used for liquids 
which liberate small quantities of gases. An even simpler principle is to 
have the solute diffuse into a porous glass disc filled with the solvent. 
This can be realised in the following way. 

1 Northrop and Anson, /. Gen, Physiol,, 1929, 12, 543, 
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Apparatus.—^The porous glass plate of the very finest pore size (about 
10/4 grains, e,g. Jena G4) must be surrounded by a non-porous ring which 
protrudes i or 2 mm. above and below the di^. It can be made from 
a porous glass filter funnel by cutting off and gpinding down the sides, or 
a flat porous glass disc with protruding glass rims fixed on may be used. 
This will cause part of the porous glass to fuse together but it will not 
affect the usefulness of the apparatus. Finally a simill ring—either made 
of glass fused on to the rim or of stainless steel wire holding the disc in 
a loop—is needed from which the whole can be suspended. 

A special glass beaker has its upper rim ground to fit the protruding 
rim of the porous disc and is constructed to apply suction to the disc; 
the air outlet is bent downwards inside the beaker to prevent loss of liquid. 

Procedure.—^The disc is filled with solvent by holding the beaker with 
the porous disc upside down and immersing the lower part in a dish filled 
with solvent. Gentle suction makes the liquid rise through the disc 
(see Fig. i). Then the disc is covered with solvent in a beaker, heated to 
40® and put inside a vacuum apparatus while covered with liquid. Evacu¬ 
ating removes the last traces of air. 

The disc is now suspended in a vessel filled with the solvent—from 
now on supposed to be water 
—and kept in a thermostat for 
2 hr. The disc-is then lifted 
out, any drops rapidly taken 
off the glass rim by filter paper, 
and the disc immersed in a 
beaker containing the solution 
for measurement, which has 
been kept in the thermostat 
for 2 hr. If the thermostat is 
heated by means of an electric 
bulb, no direct radiation must 
hit the porous disc. At the 
end of the experiment the disc 
is lifted out of the solution, 
dipped in a beaker of dist. 
water and put on top of the j—showing the diffusion apparatus 

suction vessel. Distilled water (porous disc) and beaker (suction vessel) 

is added to the top of the disc upside down for filling the disc, 

and gentle suction is applied 

with the disc covered with water. After sufficient water has been passed 
through the disc, it is sucked dry. A chemical analysis of the liquid in 
the beaker now allows the calculation of the diffusion constant. 

Every disc must be calibrated with a solute of known diffusion constant, 
e.g. KCl. For the calculation one requires the proportion between the 
amount of solute which diffuses into a disc during a certain time (/>,) 
and that which would have diffused after infinite time Pm«x being 

calculated from the amount of liquid contained in the disc and the con¬ 
centration of the solution. This proportion is determined only—apart 
of the characteristics of the disc—^by the product of the diffusion constat 
(D) and the duration of the experiment (f). For each disc a calibration 
curve using KCl, which shows ptlpi^nte ^ ^ function of Dt and which is 
valid for all solutes is constructed. (In plotting Ptlp^am if is desirable 
to take y/Dt for an abscissa (instead of Dt), because the plot initially is 
almost straight. In our plot it curves slightly at the start, giving a value 
of about 0*015 P tip mam iustcad of o, probably due to some irregular 

penetration through mixing while the disc is being lowered in the liquici^. 
With the high molecular substance, ptlp^am is measured after a time t 
and the value of Dt read from the graph. In this way each measurement 
provides a value of D. For the esdibration the best value of Dkci seems 
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to be 1*676 X lo"* cm.*/8ec. at 20® c.* It is easy to see from the calibra¬ 
tion curve that the accuracy of the determinations decreases if the value 
of ptipmam sbovc 0*6; values above 0*7 are practically usdess. (If p^^w 
has not been determined, pjc is plotted instead). 

The apparatus was tested by 
measuring the diffusion constant of 
carboxyhsemoglobin. The porous 
disc, when hll^ with distilled water, 
contained 3*375 g. Calibration was 
carried out with a 1*5 % KCl solution 
at 25® (Table I). The CO-haemoglobin 
was used in a 3*5 % solution and 
the protein was determined by the 
Kjeldahl method. In calculating the 
diffusion constant of haemoglobin it 
was assumed that the relative change 
in the diffusion constants of KCl and 
of CO-haemoglobin between 20® and 
25® were the same. 

Comparison of the figures obtained 
(Table II) with results of other ex¬ 
periments is complicated by the fact 
that the diffusion constant of CO- 
haemoglobin is not independent of 
the concentration. As diffusion in¬ 
volves a concentration gradient it is very difficult to find an exact 
meaning for the experimental results. Lamm and Poison * found diffusion 
constants between 6*83 x and 7*54 x Io-^ Tiselius and Gross • 
give 6*3 X 10“’ for concentrations over 0*7 % rising with decreasing con¬ 
centration to 14*9 X io“’ at very low concentration. Experiments by 

TABLE II. —Determination of the Diffusion Constant of Carboxy- 

HiEMOGLOBIN IN 3-5 % SOLUTION AT 25®. 


TABLE I. —Calibration of Porous 
Disc at 25® using 1*5 % KCl. 


/« Duration of 
experiment. 

(Min.) 

quantity diffused after 
infinite time. 

0 

0*014 


0*015 

5 

0*228 


0*236 

15 

0*405 


0*405 

30 

0*580 


0*603 

60 

0*757 


0*765 

120 

0*866 


0*883 


i Duration of 
experiment. 

(Hours). 

pilPmtm - Quantity 
diffused as fraction of 
quantity diffused after 
infinite time. 

^00-h»m Diffusion coefi. of CO>h«moglob. 
Calc, for ao®. 

4*50 

0-356 

7*14 X io~’ cm.*/sec. 

7*82 

0504 

8*02 

15*0 

0-657 

7*35 

15*5 

0*700 

(8-40) 


Northrop and Anson,' carried out at 5® and corrected to 20® by Tiselius 
and Gross gave 7*35 x io“’ cm.*/sec. The agreement with the average 
of our values is satisfactory. 

Natuurkundig Laboratorium der N. V, Philips' Gloeilampenfabrieken, 
Eindhoven, 

Netherland, 

• Cohen and Bruins, Z. physik. Ghent., 1923, 103, 349 ; 1924, 113, 157. 

» Lamm and Poison, Biochem. J., 1936,30,528. Tiselius and Gross, Kolhid-Z. 
1934, II* 
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ON THE TRANSFORMATION OF « SOLIDFOAM 
TO A FLUID FOAM UNDER SHEAR- 

By M. Blackman. 

Received 31s/ December, 1946. 

Most of the foams used in fire fighting are of a very viscous nature, 
the viscosity or apparent viscosity being of the order of io‘-io* poise 
for certain specimens prepared by the author; these correspond fairly 
well with foams used in practice. It is nevertheless an empirical fact, 
that such foams can be squirted through a lengthy hose very much as 
if one were dealing with water. These two phenomena were shown in a 
joint investigation with Dr. W. G. Penney,^ to be explicable on the as¬ 
sumption that the solid foam flowing down the pipe broke down when a 
critical shear stress was attained ; the maximum value of this shear stress 
would occur at the boundary of the foam. After breakdown the foam is 
assumed to have a very much smaller viscosity. These assumptions 
could be checked qualitatively in observations on the passage of a plug 
of foam down ^a glass tube; in particular it was noticed that once the 
plug exceeded a critical velocity, it left layers of bubbles behind it. This 
theory is the same in its fundamental assumptions as that proposed by 
Bingham • in connection with the flow of paints. In the case of foams, 
it is novel, as far as the author is aware, and as the experimental proof 
of the existence of the two states is of some interest, the experiments 
detailed below were carried out. 

A cylinder was made to rotate at a few revolutions per second in a box 
filled with foam. It was then seen that the foam was divided into two 
separate phases. It was a ** fluid foam near the cylinder, the thickness 
of the region varying from 2-8 mm. according to the speed of the cylinder 
and the nature of the foam. 

This was recorded photographically in the following way. A still 
photograph (Fig. i) was taken of the foam in the box. A line was drawn 
on the surface of the foam and a certain amount of sawdust was placed on 
the foam near the cylinder. A drawing pin on the cylinder indicated 
(for the purposes of the photographs) whether the cylinder was rotating 
or still. 

The second photograph (Fig. 2) recorded the appearance of the surface 
of the foam when the cylinder was allowed to rotate. There appeared to 
be a clear ring round the cylinder where part of the sawdust had dis¬ 
appeared ; the line on the foam also stopped short of the cylinder. Further, 
streaks could be seen in the ring where the sawdust was carried round by 
the highly mobile “ fluid " foam. Outside the fluid region the foam was 
unchanged except for a deformation, as was shown by the existence of 
the original line on the foam, now curved over. This curving of the line 
was an eflect of the stress applied during the break of the foam (preliminary 
to the formation of the ** fluid ” region) and during the rotation ; it was 
due partly to elastic deformation and partly to flow of the foam under 
stress. 

The third photograph (Fig. 3) showed the state of the foam when the 
rotation had been stopped. The foam was again Arm, though the trace 
of the boundary between the '‘solid" and "fluid " foam remained. A 
comparison of Fig. 2 and 3 showed a movement in the "solid " region. 
The line and the boundary had rotated towards the initial position, as 
the stress which existed on the boundary during the rotation was remdved 
when the rototion stopped. 

' ^ Ministry of Home Security (F Division) Report REN 282. 

■ Fluidity and Plasticity (New York, 1922). 
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The “ fluid foam state was demonstrated in sodium and ferrous 
protein hydrolysates derived from l^ood protein and keratin. The pre¬ 
paration of these is described by Dr. N. O. Clark • with the designations 
MW, MF, OJ. The width of the fluid region varied from 2 mm. for keratin 
foams to 7 mm. for blood protein foams in comparable experiments. 
No such region was found in a soap foam, in which the bubbles seemed 
to be drawn out until a film covered the cylinder or a large part of it. The 
film then broke and a hole was formed round the cylinder. In all other 
cases the fluid ** foam was perfectly stable though it probably under¬ 
went a change (in bubble-size and other properties) with time. 

Measurements were made of the thickness of the “ fluid for various 
speeds of rotation. The viscosity was found to be ^ i poise at the highest 
speeds (90 cm./sec. at the edge of the cylinder), assuming that the ** fluid 
foam behaved like a normal liquid for stresses exceeding the critical sheax 
stress. It was found that the viscosity had a higher value at lower speeds. 
Since the theory assumed a constant viscosity (with varying velocity 
gradient), it will have to be modified to allow for variation of viscosity 
with velocity gradient. 

The author is indebted to the Ministry of Home Security (F. Division) 
for permission to publish the above investigation, which was carried out 
in the Mathematics Department in 1944; thanks are due to Mr. E. V. 
Nehan of the Mathematics Department, Imperial College, for his assistance 
in carrying out the experiments, and to Prof. S. Chapman, F.R.S., for 
permission to use the Mathematics Laboratory. 

Physics Department, 

Imperial College. 

•Clark, Chemistry Research Special Report, No. 6, D.S.I.R., H.M.S.O., 1946. 


THE THERMAL DECOMPOSITION OF SILVER 

OXALATE. 

By F. C. Tompkins.^ 

Received x^th January, 1947. 

The rates of solid reactions in which Ag -> Bg + Cg generally depend 
on the formation and growth of nuclei of Bg; the rates have been measured 
directly * in the BaN, decomposition and correlated with the pjt plots. 
These data, and other results obtained by irradiation with ultra-violet 
light,* have been interpreted by Mott * in a theory analogous to that 
previously proposed to explain the photo-reduction of Ag halides.® A 
latent image is produced on Ag oxalate on exposure, and its sensitivity 
and spectral range compare with those of the chloride • and on decomposi¬ 
tion it forms metallic Ag and CO, only; ’ its thermal reaction might 
therefore be similar to that of BaN,. A recent investigation * of the 
mercuric oxalate decomposition, however, revealed some unexpected 
results, which were presumed to be associated with the lack of mobility 

^ I.C.I. Research Fellow (University of London). 

* Wischin, Proc. Roy. Soc. A, 1939, 172, 314. 

* Gamer and Maggs, ibid., 1939, 172, 299. 

* Mott, ibid., 1939, 172^ 325. 

* Gumey and Mott, ibid., 1938, 164, 151. 

* Arens and Eggert, Phot. Korr. 1931, Congress No. 17, 67. 

’Macdonald and Hinshelwood, J. Chem. Soc., 1925, 127, 2764* 

* Prout and Tompkins, Trans. Faraday Soc., 1947, 43, 148. 
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of the metal constituent and with the intermediate formation of mercurous 
oxalate* Previous work on Ag oxalate shows that the thermal rate is 
accelerated by pre-irradiation with ultra-violet light • and that it is sensi¬ 
tive to adsorbed ions and oxygen,^® but there is doubt regarding the 
mechanism of decomposition. Benton and Cunningham® favour three- 
dimensional growth of nuclei, whereas Macdonald concludes that 
the reaction starts from a fixed number of centres, which grow two- 
dimensionally as thin plates ; these latter may branch and so account for 
the exponential p/t plot after 5 % decomposition. Later work ” on the 
conductivity of the partially decomposed salt favours the production of 
solid nuclei. More recently, the crystal structure of the oxalate has been 
elucidated and X-ray photographs of the salt during decomposition 
have been taken.*® Data are given here on the rate of gas evolution 
(i) at elevated temperatures after pre-irradiation, and (2) during irradi¬ 
ation at room temperature. 


ExperimentaL 

Preparation of Oxalate. —Equal volumes (200 ml.) of N./5 a.r. 11 , 0 , 0 ^ 
and N./5 A.R. AgNO, were run into 400 ml. water at 40° c. at the same slow 
rate with vigorous mechanical stirring. The crystals were well washed and 
dried over P*0, in vacuo, all operations being performed under dark-room con¬ 
ditions. Large crystals (1-2 mm. long) were obtained by crystallisation from 
ammoniacal solutions.^* 

Apparatus. —^This comprised a pumping system (Hyvac and Hg-diffusion 
pump), a calibrated McLeod gauge (lo"® to io“* cm.), two Pirani gauges (one. 
as compensator) firmly clamped in a thermostat (25 ± 0*02® c.), a volume bulb 
for determination of the capacity of the apparatus, and a decomposition chamber. 
The latter was a double-walled Pyrex vessel, lagged externally and maintained 
at temperatures (iio®-ii3° c.) by the vapours of boiling liquids. At the top 
it carried a winch for raising the quartz bucket provided with a flat base and 
containing the salt, and at the bottom a ground joint closed with a plane quartz 
plate through which the oxalate could be irradiated ; a calibrated Cu-constantan 
thermocouple was fixed axially within the chamber. Traps, in the form of 
U-tubes of equal diameter limbs immersed in solid CO,-alcohol mixtures, pre¬ 
vented Hg vapours from reaching the salt *• and the Pirani gauges. The latter 
were calibrated both with CO* (liquid-air distillation from Drikold) and the 
decomposition gas. The temperature of the reaction vessel was varied by 
altering the pressure on the boiling liquid. After introducing the salt (2 mg.), 
it was exhausted for 18 hr, before any run. 


Results. 

The Thermal Reaction. —Decomposition at 125° c. on two samples of the 
same preparation (without pre-irradiation) are given in Fig. i—^these are in¬ 
distinguishable except over the first 4 % reaction, whereas Macdonald records 
ca. 20 % divergence. The pressure measurements here are very sensitive at 
low pressures and it is certain (see inset of Fig. 1) that there is no slow uncatalysed 
emission of CO, at a constant rate initially as might be expected theoretically,* 
but there is, however, always a small burst of gas due to desorption as the salt 
is raised from room temperature to 125® c. On raising the bucket into the 
reaction chamber, temperature equilibrium is established within 3 min. as 
recorded by the thermocouple which rests on top of the salt layer. The first 
5 % of the Pit plot can be expressed by /> = C{t — fo)***®* where = 3 
and C is a constant, and afterwards to the end of the acceleratory period by 

• Benton and Cunningham, /. Amcr. Ghent. Soc., i935» 57 * 2227. 

*® See ref, 7, 9, ii and 12. 

Macdonald, J. Chem. Soc., 1936, 832. 

** Macdonald, ibid., 1936, 839. 

** Macdonald and Sandison, Trans. Faraday Soc., 1938, 34, 589. 

** Grifliths, /. Chem. Physics., I943» >** 499- 

** Griffiths, ibid., 19 ^ 6 , 14, 408. 

*• Sheppard and Yanselow, /. Amer. Chem. Soc., 1930, 53, 3468. 
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« » C(^ — ; this compares well with the results of Benton and Cunningham, 

Wt not with those of Macdonald. 

Microscopic Examination^ —On exposure to ultra-violet light (full Hg arc, 
66 V., 2*6 amp.) the crystals darken throujehout their volume, i.e. the Ag is dis¬ 
seminated in a diffuse manner (cp. Hg fulminate,^* KN,^*), and there is no 
aggregation into discrete nuclei (as with BaN^,^* SrN,,** PbN^,*^ etc.). With large 
crystals, or thicker layers of micro-cr3rstals, the darkening decreases with depth 
due to their high absorption coefficient but there is no indication that the reaction 
proceeds especially quickly at the surface, edges or imperfections. The ob¬ 
servations with crystals undergoing thermal decomposition are similar (cp. 
also ^^). A small area of the surface of a single crystal was irradiated at 20° c. 
until it was dark brown, and then the whole maintained at 130° c. and observed 
under high magnification till it was opaque. The darkened area appeared as 
sharply defined at the end (about 10 % decomposition) as it was originally, and 
the reactions of the two parts seemed to proc^ independently with the irradi¬ 
ated section decomposing at a greatly accelerated rate. 

Threshold Frequency for Absorption. —A uniform film was painted on a 
glass slide using a water-oxalate paste and after drying used as a photographic 



plate in a Hilger u.-v. monochromator with the Hg arc as a source. Darkening 
was apparent up to 4920 a. No attempt was made to measure the extinction 
coefficients. Since darkening denotes decomposition (see later), this also is the 
threshold wave-length necessary to produce acceleration in the thermal reaction. 

Measurement of Darkening. —A brass cup (i cm. diam., i mm. depth) was 
filled with the salt which was irradiated for definite times with ultra-violet light. 
A brass arm, pivoted at the cup, carried a photoelectric cell at its upper end and 
could be rotated through 90® c, ; the brass cup itself could be turned throupfh 
360° in a horizontal plane, so that the reflected light could be explored and its 
intensity measured at all points on a hemisphere, using red light. The value 
of this (integrated) intensity was compared with that using MgO at various 
stages of darkening. The results are summarised in Fig. 2, where it is shown 
that the equation log -f const, is obeyed, where is the 

final value of the absorption intensity (extrapolated) and its value at any 
time t, where t is the time of irradiation. 

Irradiation of a and Rate of Gas Evolution.— The salt was spread in a 
thin uniform layer on the flat base of a 2 cm. Pyrex tube, closed at its upper 

Gamer and Hailes, Proc. Roy. Soc. A, 1933, 139, 576* 

Gamer and Marke, /. Ckem. Soc., 1936, 657. 

Harvey, Trans. Faraday Soc., 1933, ao. 653. 

Maggs, ibid., 1939, 35f 433 - 
•‘Garner and Gomm, J. Ckem. Soc., 1931, 2123. 
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end with a plane quartz plate and cannected with the Pirani gauge through a 
side-arm. The Hg arc was focussed on the oxalate through a cell 6 t distilled 
water with the tube in ice and the CO, pressure measured at intervals. Gas 
evolution commenced immediately (ct, mN,), initially according to Cf*, 
but after 20 min. the rate was almost 
constant, although slight acceleration 
was always present. Gas evolution 
ceases imme^ately the light is cut 
off and the constant rate is at 
once reproduced on re-irradiation. 

By immersing the tube in various 
baths the variation of rate (i?) with 
temperature was obtained (Fig. 3). 

Since the difference of velocity is so 
small, each point was obtained as a 
ratio of velocities by alternation be¬ 
tween two temperatures and extras 
polating each rate to the time of 
temperature change. The plot ap¬ 
proximately corresponds to i? = 

CerSIBT, where E has an average 
value of 850 cal. Measurement at 
90° K. was impossible because of 
condensation of CO„ but the velocity 
obtained by irradiating for short in¬ 
tervals at 90° K. and then raising 
the temperature to 195° k. in be¬ 
tween to evaporate the gas, together 
with the rate of darkening, showed that no abnormally large decrease at 90^ K. 
occurs. 

The variation of light intensity on the rate at o® c. is given in Fig. 4 ; metal 
screens placed on a quartz lens and between it and the arc were used, and the 
relative intensity measured by a selenium cell in place of the salt layer. The 
rate varies as the 1*67 power of intensity, this value being somewhat larger at 

higher intensities. 

Pre-Irradiation and 
Thermal Decomposition.— 
The salt (a slightly exposed 
sample) was air-sprayed on 
the base of a Petri dish and 
each sample irradiated with 
the full arc in air for various 
periods of time. The powder 
was then stored over P, 0 , in 
vacuo and samples (5 % of 
total) used for decomposition. 
Although the thermal rate was 
considerably accelerated the 
log p — log t plots were aXi 
linear; the results are sum¬ 
marised in Table I. The plots 
of log C and log x against 
log (where is time of pre- 
irradiation and X is the ex¬ 
ponent in = Ct^) are linear, 
the slope of the former being 
2*80. Similar experiments 
with constant time (10 min.) 
of irradiation, but with varia¬ 
tion of intensity (/), are given 
in Table II; the correspond¬ 
ing log plots are linear, the 
slope of the log C — log I curve being 3*25. There was no decay of the effect* 
of irradiation after a month. 

Heat of Activation.—^The values of Macdonald and of Benton diverge 
considerably. Inaccuracies are due to (i) variation in rate from sample to samjple, 
and (ii) self-heating of the salt, particularly when the rate of decomposmon 
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is rapid. In the present decomposition chamber, the thermo-oonple which records 
the actual temperature of the oxalate shows a 5** increase over the temperature 
of the vessel. The tube used in the irradiation experimeixts was employed in 
consequence. About i mg. salt was spread over the l^se and the whole immersed 
in suitable temperature baths (65®-88® c.) ; at these temperatures the rate is 
very slow but accurately measurable with the sensitive Piiani gauge us^, and 
self-heating is a minimum. The series of determinations was completed over 



about I % decomposition. The rates are not strictly constant, consequently 
the method of alternating temperatures and extrapolation (see above) was used, 
thereby referring these to the same % decomposition for each pair of tempera¬ 
tures. The heat of activation is found to be 24,600 cal./mole in agreement 
with some few results of Benton, as recalculated by Macdonald (25,400), but 
differing appreciably from those measured by the latter author (32,700).* 


TABLE I TABLE II 


Titn.e << 
(min). 

- log C. 

log;r. 

Intensity 

(relative). 

logC. 

log X, 

0 

4*19 

0*484 

10 

360 


2*5 

3-62 

0-465 

20 

304 


5 

3*00 

0*431 

30 

2*51 


7*5 

2-43 

0*400 

40 

2*08 

0*312 

10 

2 *06 

0*369 

50 

1*75 

0*287 

12-5 

1*76 

0-344 

60 

1-52 

0*268 

15 

1-56 

0*318 

70 

I- 3 I 

0*252 

17-5 

1*36 

0*295 

80 

1*13 

0*236 

20 

i-i8 

0*267 

90 

0*99 

0*266 

25 

0*87 

0*212 

100 

0*87 

0*220 


Discussion. 

The pjt plots obtained in the thermal reaction by Macdonald, and 
by Benton and Cunningham, differ in that the results of the former can 
be expressed by (i) d^/d/ = ht over the first 5 % decomposition and 

* In his later paper, Macdonald, using the same method as employed here, 
obtained |L temperature coefficient of 2*^8 per xo*, equivalent to an activation 
eneigy of 24^3 kcal., between 87‘05* ana 99*i5® c. for the first 6 % xeaction. 
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(2) d^/d/ 5=? — i) over the remainder of the acceleratory period, 

whereas those of the latter are adequately represented over a large range 
hy p ^ CP^, ,m agreement with the present results. It may be noted that 
Macdonald and Hinshelwood found Ag oxalate, prepared in presence of 
excess Na oxalate, to be of the “ unstable accelerating ” t3q>e during 
decomposition, in contrast with that obtained with excess silver nitrate, 
which was of the stable, feebly accelerating type. The difEerence 
above may therefore be due to preparation—^the conditions used here 
(stoichiometrical amounts of reactants, and precipitation at a slow rate 
under conditions of high dilution) are similar to those of Benton and are 
expected to lead to minimum occlusion and adsorption of both lattice and 
foreign ions, and to a more homogeneous, crystalline product. This 
probably accounts for the present good reproducibility. Macdonald, 
mDwever, used in general high excess of one reactant in fairly concentrated 
solutions during precipitation, both factors tending to favour ion 
adsorption and inhomogeneity. 

In an attempt to resolve the differences it was hoped to obtain in¬ 
dependent data on growth and formation rates, but with various optical 
systems and the highest magniffcation, no individual centres could be 
identified. That these are present is presumed by the darkening, and 
they might be as large as 1000 a. (containing lo^* Ag atoms, assuming 
spherical growth) without being distinguished; growth is therefore not 
excluded. With BaN^, the rate of nucleus formation has an activation 
energy of 74 kcal. and is slow compared with that of growth (23*5 kcal.), 
whereas with Ag oxalate these energies are closer together. The threshold 
wavelength for BaN^ is about 2600 a. corresponding to an energy of 
108 kcal., whereas the measured energy for formation is 74 kcal.; here, 
the threshold is about 5000 a., or 52 kcal.—^the energy of nucleus formation 
is therefore expected, by analogy, to be less than this. Our measured 
activation energy from the pft plots over small periods of time is 24*6 
kcal. Thus, witJti Mott, we calculate (assuming that the curve develops 
initially as the fourth power of time) that the activation energy of growth 
will be about 18 kcal.—^this represents the minimum value. With a 
discrepancy similar to that above for BaN,, these figures can be changed 
to 35 kcal. for formation and 23 kcal. for growth. Thus there is more 
rapid formation and slower growth which will favour the dissemination 
of a large number of nuclei through the crystal. 

Another difference may be emphasised; with BaNt, irradiation increases 
the number of potential positions at which nuclei can be formed on sub¬ 
sequent heating; here metallic Ag is produced during exposure, just as 
mercurous oxalate is when mercuric oxalate is irradiated. The decomposi¬ 
tion of mercurous oxalate during the thermal reaction could be separated 
from the main decomposition and the increase in number during irradi¬ 
ation shown to be in accord with the equation n, == N(i — e~*<), where 
n, is the number formed during an exposure t, and N is the total number 
available for creation. This separation is not possible here since the Ag 
particles act as centres of growth in the thermal process and the p-t plots 
reflect both ^owth and additional thermal formation. 

Some indication of the formation rate is suggested by the results on 
the decrease of scattered radiation with time of irradiation. Assuming 
^at all the red light is scattered by MgO, it is found that practically all 
is “ reflected by unexposed Ag oxalate. Assuming, therefore, that 
the reduction in scattering after irradiation is due to the formation of Ag 
centres, and further, that no growth ensues during exposure, then the 
experimental relationship (i 4 „o ^1) = Ce*”**, may be transformed*to 

N(t — e~**), as found for the corresponding mercuric salt. 

Any theory of the mechanism of nucleus formation by irradiation 
must account for the small temperature coefficient and the dependence 
of rate on the intensity-to a power greater than unity, but also must be 
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consistent with the crystal structure of the salt. Silver oxalate is mono¬ 
clinic, with two molecules per unit cell (a =* 3-46, b 6 ‘i6, c ^ 9-47, 
and p 76^), and composed of a chain of moleci^s parallel to the b axis ; 
the oxalate group is non-planar, the two C-atoms being displaced to 
opposite sides of the plane containing the four O-atoms. The oxalate 
is linked with the Ag by short Ag—O bonds (2*17 and 2*30 A.) ; longer 
Ag—O bonds (2-58 and 2-61 a.) hold the chain of molecules together 
parallel to the 100 plane, and still longer ones (2-93 and 3-00 a.) the sheets 
of molecules together. The co-ordination of the Ag is 6, whereas it is 4 
in the metallic state, a change involving a 6 % increase in radius of the 
Ag atom. The shortest Ag—Ag distances are 3-34 and 3 58 a. in the 
salt, and 2*88 and 4*08 a. in the metal. Considerable readjustment of 
these distances must therefore take place should there be any type of 
crystal growth. 

Now with AgBr the temperature coefficient •• of the print-out effect 
is large (decreased by lo"* when lowered to 90° k.) and runs parallel to 
to the decrease of the electrolytic conductivity of the cation; it is 
thus consistent with the fact that the bromide is an ionic conductor with 
a mobile cation, thereby accounting for nucleus growth. Silver oxalate, 
however, has a molecular layer lattice with, it is presumed, a practically 
immobile metallic constituent; growth by a similar process thus seems 
impossible. This can provide a reason for the small temperature co¬ 
efficient, and is also why the product (Ag) is a pseudomorph of the original 
crystal. 

On irradiation, an electron is presumed to be ejected from the oxalate 
group into the conduction band leaving a positive hole in the full band. 
The mobile electron is captured by a Ag atom temporarily, but for the 
most part it will return to a positive hole. If the Ag atom is a near neigh¬ 
bour of the positive hole, the process will correspond to an electronic 
transition (as cp. von Hippel •*); this, however, will be relatively in¬ 
frequent, since the time spent by an electron at a Ag atom near its point 
of ejection will be less than at those atoms some distance away because 
it (the electron) will lose energy by interaction with the lattice vibrations 
in jumping from one Ag atom to the next; with loss of energy the potential 
well it can create near the Ag atom by polarisation will be deeper. Thus, 
in crystals of high refractive index, where the potential barrier is not very 
steep, the electron will have a fairly long path before ultimate capture. 
Similarly, capture by sensitivity spots etc., will be negligible since the 
print-out effect is found not to be structure-sensitive here. The small 
number of molecules in which an electronic transition has taken place will 
be proportional to the light intensity ( 7 ), and if these have a short life 
(i.e. because of reversion back to their original state), the density of such 
** sites ** will be proportional to I and be, to a first approximation, in¬ 
dependent of time. Now the absorption coefficient of the salt is high 
so that the rate of combination of mobile electrons with positive holes 
will largely control their density ; since the number of mobile electrons 
and positive holes are approximately the same, this density will be deter¬ 
mined by li. The rate of combination of sites ” with mobile electrons 
is now presumed to measure the rate of decomposition, i.e. one of the Ag 
atoms in the site '' (comprising an oxalate group with its neighbouring 
Ag atoms) captures the electron and holds it for a sufficiently long period 
for the positive hole to diffuse away or to decompose by transferring its 
now excess electron to another neighbouring silver atom. This electron 
will be later rendered mobile either by thermal energy from the lattice 
or by light absorption. The silver now left (designated as Agt for the 
pair of Ag atoms) will accumulate as decomposition proceeds and will 

” von Hippel, Z. Physik,, 1936, lOi, 380. 

*• Berg, Proc. Roy. Soc. A, 1937, * 49 » 38. 

Kock and Wagner, Z. Physik. Ckem. B, 1937, * 93 * 
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provide temporary traps for mobile electrons and so influence their 
density; it is thus found with darkened salt that there is a dependence 
of rate on intensity to a power greater than i‘5, but the constant rate of 
CO, evolution is not altered with time. Since the capture of an electron 
does not itself lead to the production of CO,, the above mechanism mjast 
lead to a quantum 3deld of considerably less than one (i.e. the value for 
halides) agreeing with Benton's value of o*i6 at room temperature. A 
difficulty arises in the escape of the CO, from nuclei created within the 
crystal because of the lack of mobility of the Ag atoms, and because the 
reaction has been shown not to move inwards from the surfoce. It is 
possible to suggest paths, from geometric considerations, along which 
the gas may escape, providing the oicalate group breaks up where it is 
formed, or the CO, may escape as a result of its production at high pressure 
and force its way along planes of weakness in the crystal* (cp. Ransley,** 
who has shown this effect to occur in the escape of H,0 through metallic 
Cu). It would provide a qualitative reason for the slow evolution initially 
on irradiation ; when the salt is darkened there are many gaps, due to 
prior removal of oxalate groups, and the rate of diffusion will no longer 
be the slowest process. Tliis process of diffusion, will be of the activated 
type, but there will be sufficient energy available to the CO, molecules 
by the exothermic breakdown of the oxalate group unless there is a rapid 
energy interchange with the lattice. Alternatively, a method of handing-on 
of electrons from inner groups until they reach the surface, where they 
break down and escape is possible, but renders the interpretation of growth 
difficult if there is no, or only limited, mobility of Ag atoms (see later). 

In explanation of the small temperature coefficient of the print-out 
effect, it is assumed (cp. Hilsch and Pohl ••) that the absorption coefficient 
is independent of temperature. The activation energy can then be the 
difference of two (larger) energies associated with opposing processes. 
Thus, if px is the probability per unit time that redistribution of energy 
takes place in the ** site ", possibly accompanied by a limited mobility of 
the Ag atoms, so that CO, is ultimately produced, and />, the probability 
per unit time that one of the electrons on a " site " is rendered mobile 
and returns to a positive hole, then the rate of CO, formation per quantum 
absorbed is given by PiKPi + P^ \ let each of these processes be associated 
with activation energies of and £,, then 

R = C,e--«i/« 5 f'/(C,e-«iy« 2 ’ 4. c,e-^*/«r) 
where C, and C, are constants, or if is small compared with 

c, 

Q 

unity and A£: == R ^ Here C, is expected to be of 

the order of the lattice vibration frequency, i.e. lo'* sec.“^; inserting 
016 for the quantum yield and HE of the order of i kcal. then i/C, is 
3 X 10*"^' sec., representing the time which an electron remains before 
becoming mobile; this appears short, but not unreasonably so, since a 
mobile electron can move from atom to atom in much less time (io~** sec.) 
and moreover the value of C, above may well be too large. 

Alternatively, the experimental E may be a true one, i.e. the absorbed 
quantum is insufficient to produce the photo-reduction without co-operation 
of thermal energy of the lattice in forming a stable product. Thus, the 
energy associated with lattice vibrations will be about 1/20 to 1/40 ev. 
(i.e. of the order found) and could be associated either with the escape of 
CO, from its place of formation within the lattice, or with the transmission 
of the positive hole to the surface, where it brea^ down and escapes., 

* I am indebted to Prof. W. £. Gamer for this suggestion. 

Ransley, /. Inst Metals, 1939, 65, 147, 

*• Hilsch and Pohl, Z. Physik,, 1930, 64, 606. 
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The thennal reaction after irradiation is accelerated but the power 
law« p » is still valid with C| (thermal) increasing and x decreasing 
with tinre of exposure. It is reasonable to identify C| wit^ the number 
of reaction centres^ but this varies as . /•••, whereas the dependence 
expected from the print-out results is as (the variable power of 

t l^tween i and 2 is due to the fact that the periods of irradiation are 
within the acceleratory period of the print-out edect—^no real comparison 
is possible since the conditions there and during pre-irradiation are some¬ 
what difierent). It suggests that C, (thermal) — C,* (print-out), which 
means that not all the Ag, can act as growth centres, but e.g. only those 
which are adjacent neighbours. It may be noted that Komfeld and 
Pawlow^s results suggest a parabolic dependence of number of centres 
upon the square root of deformation in the recrystallisation of metals, 
and it is well-known in phase transitions that centres must be greater 
than a critical size in order to grow. These regions of four Ag atoms 
form localised high stress regions which are configurationally unstable; 
they will provide part of the energy required to initiate further decomposi¬ 
tion which produces additional localisation of such regions. The picture 
is clearer if the oxalate group decomposes within the crystal; in this 
circumstance, there will be a missing oxalate group between the Agt 
pairs and a tendency for these to build up a lattice more in conformity 
with the metallic state by adjustment of Ag —Kg distances and so create 
large distortion forces. Growth is thus not by reason of mobility of Ag 
atoms but due to deformation; this means that there will be preferred 
directions of growth and, at higher temperatures, fragmentation along 
cleavage planes is expected as found by Grifliths from his X-ray study. 

On heating unexposed salt, new centres are created when the oxalate 
group receives sufficient thermal energy to lose electrons to Ag atoms, 
as in the photo-reduction, and the measured p-t plot reflects both this 
and growth. The number formed in time / is given by «< = ^0(1 — e-*') 
as before, but here N© is the total number of oxalate molecules; with 
decomposition a further term, F^(t, t), where Vg is the total growth volume 
and is a function of both time of growth (t) and of creation (/), should be 
introduced since creation of new centres here is not possible. It is, how¬ 
ever, better to use the simpler expression above giving the total number 
of new centres, both real and “ ghosts,'* and then to apply a correction 
for overlapping of growth (cp. Avrami).**' These centres are con¬ 

sidered to be created randomly throughout the crystal (in both decomposed 
and undecomposed parts) at aU times; a “ ghost " centre is one “ produced " 
in the decomposed volume, and thus has no physical existence. These 
nuclei grow three-dimensionally with velocities «, v and w in different 
directions, but can be replaced by fi*, where v is the averaged linear growth 
in all directions; thus the total volume of product at time t will be 

~ t)» No(i ~ e-»i^)dT . . . (I) 

Vr «* o 

for all centres created at time t, which includes growth from ghosts " 
and is uncorrected for overlapping. Now, if random formation within 
the crystal is assumed, it is possible ** to express the actual volume pro¬ 
duced (overlap only counted once) by i — F = VJV^, or for small 
overlap, F/(i — F) = or more exactly by 7 = i — e-^«. 

On integrating (i), we have 

r. - («.->■ + -•/*(- f - J)) . . w 

Komfeld and Pawlow, Physik. Z. Soujjetunion, 1934, 537 * 

•• Avrami, J, Chem. Physics, 1939, 7, 1103. 

Avrami, ibid,, 1940, 8, 212. 

Avrami, ibid,, 1943, |i, 499* 



F. C. TOMPKINS 215 


assuming no centres are present initially, and on. expanding the expon¬ 
ential, 

. . (3) 

Similarly, if there are Ni centres created in irradiation, this becomes 





• (4) 


For small t, particularly for not too large values of k, the total volume of 

k N aT* 

product F is I — e~-®<* for unexposed salt where B = ——— , or more 


approximately as is found. This is true up to the time of exhaustion 
of the growth centres by impingement. When two growing centres touch 
they can coalesce to form a larger growing grain; they may continue to 
grow independently by pushing each other out of the way; or they may 
adhere such that growth ceases at their common interiace. The first 
assumes mobility; the second, increasing deformation and thus an 
accelerated rate; the third, therefore, is most probable. When there 
are many centres and there is a rapid growth along one direction (e.g. 
following the sheets of Ag oxalate molecules), the three-dimensional growth 
will virtually become two-dimensional and p depends on approximately. 
Thus we replace v* by u, v, w, in (i) and define the average duration of 
growth in the different directions by and and then integrate be¬ 
tween the limits of 4, t -- t -- U respectively (where w is the last 
to be affected, represents the time of complete decomposition). We 
should therefore expect a dependence of /> on in the initial stages for 
unexposed salt; the exponent will decrease with time due to impingement 
of growth and a dependence on t* is expected over the decay of the de¬ 
composition. With moderately exposed samples, the rate varies as 
since the number of initial (“ light") centres growing far outweigh the 
effect of new creations and growth of thermal nuclei; with highly exposed 
samples, growth will quickly cease along one axis, and a rate determined 
by two-dimensional growth (or as f*) is found. 

There is one further reason for the decreasing power of t here ; that is 
the complete decomposition of the smaller particles in the powder. Thus, 
in the limiting case, where growth is predominating, we may define i as 
an average life of a small particle. For times less than this, 


= 4lSirvU*N 

or for larger times 

Where growth is not predominating, the effect is to reduce the power of 
to f*. We may note, however, that a growth of planar nuclei (a possi¬ 
bility with the Ag oxalate layer lattice) which under certain circumstances 
branch at certain points in number dependent on the growth area and 
set up a three-dimensional growth has the form: 

= f kiuv{t — r)Hu{t — T)e*i’' (i — 

and ii k > ki (a branching coefficient), the integration leads to a result 
formally similar to {2). If, however, ki > k, then the dependence of the 
rate is at f*, where x will increase with extent of decomposition, which is 
contrary to our results. With highly irregular cr3rst^, as might be 
expected from Macdonald's preparation, this latter case is probable and 
the p-t plots will be predominantly exponential in development; the 
difference lies thus in that dp/di ~ Ct* refers to a continuous fropt, 
whereas dP/dt = Ce** to a non-continuous one. 

The heat of activation obtained here (24*6 kcal.) agrees with the few 
results of Benton (25*4 kcal.) but is much less than Macdonald's values 




216 CONVERSION OF />-HYDROGEN BY METAL CATALYSTS 

for the later stages of decomposition. The latter's later determinations* 
however, show that this energy (E) increases with increasing decomposition. 
Now E is composed of Q, the energy for creation, and 0 '(r), that for growtii, 
the latter probably being temperature dependent; we may expect Q' 
to be different along different crystal axes, being smallest in that of least 
restraint or of highest linear velocity. In the later stages of decomposition, 
initiation of growth will require more energy since the growth virtually 
becomes two-dimensional, and thus the activation energy rises con¬ 
tinuously with increasing decomposition. 

Summary. 

The thermal decomposition of silver oxalate has been investigated with 
particular emphasis on the rate of gas evolution (i) at elevated temperatures 
(iio°-i3o® c.) after pre-irradiation with ultra-violet light and (2) during irradi¬ 
ation at lower temperatures where the thermal rate is negli^ble. The latter 
is associated with a small temperature coefficient and this is pres\imed to be due 
to the limited mobility of the metal constituent. The rate of formation of silver 
nuclei has been deduced from the rate of darkening : this, when combined with 
three-dimensional growth of the silver centres, is shown to account adequately 
for the experimental results. In general, the present work is in good accord 
with that previously done on mercuric oxalate as might be expected from the 
similarity of their crystal lattices, both being of the molecular layer t5q)e, but 
shows in addition similarities to the decomposition of barium azide. It is, 
however, suggested that growth of nuclei here is associated rather with the 
deformation of the lattice by the product than with the process of electrolysis 
envisaged by Mott for the barium azide decomposition. 

University of London, King*s College, 

Strand; W.C,2, 


THE ABSOLUTE RATE OF CONVERSION OF 
PARAHYDROGEN BY METALLIC CATALYSTS. 

By J>. D. Eley. 

Received 22nd January, 1947. 

Introduction. 

The parahydrogen conversion on metallic tungsten has been shown • 
to proceed by an exchange of atoms between a hydrogen molecule in a 
van der Waals' adsorbed monolayer and a hydrogen atom in the under¬ 
lying stable chemisorbed layer.* A similar mechanism holds for the H,-f Dt 
reaction and a general formulation is 

W —H . . W H . . oH, 

in which W denotes an atom in the tungsten surface and we make no 
detailed assumptions about the mode of reaction between the two adsorbed 
layers. 

The results of A. and L. Farkas * also establish this mechanism for 
the catalyst nickel, and make it very probable, in the present author's 
opinion, for palladium and platinum. Until we obtain contrary evidence, 

* Eley and Rideal, Proc. Roy. Soc. A, 1941, 178, 429, 

* Eley, ibid., 1941, 178, 452. 

I » Roberts, ibid., 1933, 152, 445. 

* A. and L. Farkas, J. Amer. Chem. Soc., 1942, 64, 1594. 
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there is no treason to doubt the general application of this mechanism, 
at least in the lower ranges of temperature, which are of most interest. 

In this paper we shall calculate the “ temperature-independent factor 
for this conversion and compare our results with the available data. These 
data comprise fairly extensive determinations for tungsten,^ under con¬ 
ditions in which the absence of surface contamination, such as oxide, 
was demonstrated. They also include certain data for the catalysts 
nickel, palladium and platinum, where the surface conditions were less 
rigorously defined. The agreement between theory and experiment is 
found to be quite satisfactory. The simplicity of the conversion 
makes it a very suitable subject for quantitative study, and this paper 
forms part of a programme of work along this line, in which the details 
bf the conversion on the various metals will be established. This pro¬ 
gramme includes an experimental analysis of theoretical factors which 
may be expected to influence the activation energy, to which reference is 
made in the concluding section of this paper. 

Assumptions. —^The experimental first-order constant, min.~^, is 
expressed with the usual accuracy by 

k. = Be-*/**’, where E = . . (i) 

B is calculated on the following main assumptions, of which the first 
has been shown to be correct by experiment, and the second to be true 
to a first approximation.* 

(a) Conversion occurs through an exchange of atoms between a mole¬ 
cule in the van der Waals* (V.W.) layer and an atom in the chemisorbed 
layer. 

(b) The surface atoms are of uniform activity. 

(c) The V.W. layer of hydrogen molecules is a mobile (equilibrium) 
monolayer on localis^ sites, and neighbour interactions may be neglected. 

(d) The ratio of the partition functions of the chemisorbed H atom 
and transition complex (‘* H, *') is unity over the temperature range con¬ 
cerned. This implies sufficiently strong bonding to the metal to rule out 
surface mobility and rotations, and also a ratio of nuclear weights of i. 

The method is to calculate the number of H, molecules in the V.W. 
layer by statistical mechanics, and to formulate their absolute rate of 
exchange with the atoms in the chemisorbed layer by the activated- 
complex method. 

Potential Energy Scheme. —The lowest energy level of the H, mole¬ 
cule in the gas phase is taken as the zero of potential energy. A formal 
representation of the potential energy changes involved in the con¬ 
version in the gas phase and on the surface of the metal is given in Fig. i. 
Xn denotes the potential energy change in adsorbing one H atom from the 
gas phase into a (nearly full) chemisorbed monolayer, x is similarly the 
adsorption energy of an H, molecule into the V.W. layer (^ is negative 
for energy evolv^ on adsorption). Permitted rotational levels are shown 
as full lines. €^(€,) denotes activation energy at o°k. of the gas (surface) 
reaction, €„ being 7 kcal.* The gas reaction goes through 

H -i- oH, + H, 

while the surface reaction goes 

W - W - H -oH,. 

Therefore the two potential curves are separated by x *f Xh* 

We have assumed that x is the same for and oHa molecules, emd* 
this must be correct to a high approximation. However, for our analysis 

^ A. Farkas, Orthohydrogen, Parahydrogen and Heavy Hydrogen (Cambridge, 
I 935 )» P. 68. 

8 
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aU we T^nire is that x — % is the same for aad oH^, for reaction 
left to right and right to left over the energy hill c,. Since «,.is the same 



Fig, I.—A purely formal scheme 
of energy changes for the 
exchange mechanism of the 
conversion. Permitted 
rotational levels are in¬ 
dicated by full horizontal 
lines> forbidden levels by 
dotted lines, c denotes 
activation enexgy and x 
sorption energy at o^’ k. 
Subscript g refers to gas, s 
to surface, t to activated 
complex, xe refers to an 
H atom in She chemisorbed 
layer, and ^ to an H, mole¬ 
cule in the van der Waals* 
layer. 


for both forward and reverse reactions, this condition is seen to hold 
even if x ^oes differ for and oHf 

Calculation of the Temperature-Independent Factor. 

Absolute Velocity of Conversion.—^The net velocity, r, oi p o con¬ 
version is the difference between the absolute velocities oi p o and 
p transitions. Since the layer of chemisorbed atoms is virtually 
complete over our temperature range,* we may write the absolute velocity 
for the p 0 (o p) change as proportional to the surface concentration 
C, (Co) of para (ortho) molecules in the V.W. layer, in molecules/cm.*. 
If .4 be the area of catalyst, and and ko the absolute rate constants 
in min.~^, 

= -^oCo).(2) 

Taking/as the number of sites per cm.* in the V.W. layer, and a,, a®, 
the fractions of this layer covered by oH* respectively 

V 5 = Af(kjfap — ^0^9)* • • • • (3) 

Experimental First-Order Constant. 

Consider a reaction vessel, volume V, temperature T® k., containing 
hydrogen gas at pressure p mm. Hg. If ;r be the fraction of pRt at time 
/, and X, the equilibrium fraction at f 00, it is found ex]^rimentally 
that » 

.... (4) 


• A. Farkas, ref. 5, p. 98. 
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If n NRTipV) be the number of hydrogen molecules present, the 
net velocity v in molecules min.-' is 

- ^4) * • • • (3) 

To develop eqn. (3) to give a theoretical expression for of eqn. (5) 
we require • 

(а) to formulate and by statistical mechanics; 

(б) to formulate kp and by activated-complex theory. 

Galciilatioii of Op and 0o- —The V.W. layer is considered as an ideal 
mobile (equilibrium) monolayer of H, molecules, on a surface of /sites/cm.*, 
each site being able to hold one molecule (see Fowler and Guggenheim *). 
We formulate f»p(T), the partition function of a parahydrogen molecule 
on the surface, by treating the two-dimensional vibration on the site 
as a translation in a free area, a/,* 

. . . . ( 6 ) 


m is the mass of the H, molecule to a good approximation and jtp(T) 
includes all other degrees of freedom; jtp(T) is essentially the partition 
function for the surface rotations 


2; (2; + i)e“ 53 iSF- . . . (7) 

i-0,2,4, etc. 


For ortho H„/,o(T) is identical with (6) except thaty,p(r) is replaced by 


j..{T) = 3 2 (2i + i)e . . (8) 


1 , 8, 5 , etc. 


The usual partition function is used for the gas phase, in which jtp(T) 
and jgc(T) are the rotational terms identical in form with eqn. (7) and (8), 

V 

the sums ^ being taken over the normal rotational states of the gas phase. 
It then follows from Fowler’s treatment ’ that 


7-^ = and= 6,/>, . . . (9) 

I — I — 

the Langmuir isotherms for the para and ortho forms, with 


' kT * ( 2 nmkT)i j„(T) 


(10) 


and a similar eqn. for bg. 

In our calculation we simplify (9) by assuming a-< i and a, = 
and uq = bopo (n). In experiments where the monolayer is concentrated, 
this simplification leads to an error discussed later. 

Absolute Rate Constants kp and Ab*—^The exchange velocity constants 
between an H, molecule in the V.W. layer and a neighbourhood chemi¬ 
sorbed H atom may be expressed formally by activated-complex theory, > as 






• (12) 


• For previous work along this line, see the chapter on ** Heterogeneous Pro¬ 
cesses,” in ref. 9. 

^ Fowler and Guggenheim, Statistical Thermodynamics (Cambridge, 191^9}, 
p. 426. 

• Kimball, J, Chem. Physics, 1938, 6, 447. 

• Glasstohe, Laidler and Eyring, The Theory of Rate Processes (McGraw Hill, 
1940 - 
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The potential ener^ terms have been factorised from ^ and 

appear in the activation energy c,; refers to the activate complex 
of 3H atoms on the surface, ^ to the chemisorbed H atom, and and 
\ 4 ^$o to and oH, molecules respectively in the V.W. layer. We now 
assume that is unity for our temperature range. This is in accord¬ 
ance with the strong bonding to be associated with chemisorption. It 
also implies a ratio of nuclear weights of i. 

Since /„ = ijt^^exIhT and similarly for we may derive from eqn. (6) 
expressions for and obtain 

^ h 2^kTa,j.^{Tf ' 27rmkTa,j.,(T)* ^ 

Evaluation of First-Order Constant ke> —Eqn. (3) and (11) give 

V = Afpik ^ b ^ - ^0^0(1 - ^)} . . . (14) 

when the partial pressures of para and ortho hydrogen are expressed as 
fractions of the total pressure p, viz. xp and (i — x)p. 

Substituting for kp and from eqn. (13), and bp and b^ from eqn. (10) 


— if P r ^ 

U2^kT)r (2^kT)\j.,(T) j„{T) 


[e hT 


( 15 ) 


Here pi(2‘irmkT)h — Z, the collision number per cm.*, and we write 
the equilibrium fraction of pH* as x^ — j9p(T)Ijgp(T) -h jgoiT) 


Hence from eqn. (5) 

= ^4 


i—l* 

- kT 


h* f 1 II 

h 2nmkT\j„{T) 
Experimental Activation Energy.—From eqn. (17) 


(X - Xg) 


HT 


(16) 


(X 7 ) 


M r= RT* 


din k, 

dr 


= Rr*[' 


din/ dlnZ 


dr 


+ 


dr 


r + dr ‘“{;„(r)+;„(r)}] 
- N{x -.,) 


. • (18) 

For a surface of uniform sites, == o and we may calculate a(T) 


in the expression 


E = a(T) - N(x - c.) 


(19) 


The data are collected in Table I, only the first six rotational states 
making any appreciable contribution. 


TABLE I. —Calculations of the B Factor 


T* K. 

X z 

H 

- •m. 

cal. 

B 

i.,(r) ■'■iv.(r)- 

70 

2-31 

4'30 X io» 

— 10 

27*5 X lO* 

100 

1*59 

5*14 w 

143 

7‘2 

130 

1*32 

5'86 

216 

4-6 

173 

I'lO 

676 

275 

3*5 

223 

0*90 

7'68 

325 

27 

273 

0*76 

8-50 

365 

2-3 

293 

0*71 

8'8o „ 

379 

2*0 „ 

373 

0*57 

9-93 

439 

1*5 

473 

0*46 

ii'i 9 

559 

1*1 M 
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Oalcnlatioti of tbe B Factor.—From eqn. (i), (17) and (19). 


•m 


In Table I we tabulate Z/«( == iJcTl2irmV^)V\ for our standard reaction 
volume of 300 cc., together with other necessary data* A, the standard 
catalyst area, is i cm.*; /is taken as 1*2 x 10'*, the mean value for the 
two relevant planes, no and 100, of tungsten.^®' This value is close 
enough to be used also for the transition elements Pt, Pd, Ni, until vrt 
possess data on known oriented lattice planes. With these values B is 
calculated, and the result given in units of min.-* 


Experimental Data. 

In Table II we give available values of B, all corrected to the standard ex¬ 
perimental conditions of F = 300 cc., A — 1 cm.* and p — 20 mm. Hg. The 
correction for pressure is needed since, while our theory for B assumes dilute 
monolayers and yields B independent of pressure, this condition rarely holds in 
practice. In correcting jBexpt. to 20 mm. press, wherever possible the pressure 
dependency in the same series of experiments is used. We have taken the 
geometrical area as A, whereas roughness factors up to 1-5 are possible for wires, 
so Bexpu is an upper value. 


TABLE II.— Comparison of B^xpu with Be%ie. 


Catalyst. 

T“ K. 

£kca]. 



W wire * 

*73 

1-6 

27 

350 

Pt wire ** 

4*5 

6-4 

no 

*30 

Pd disc ** 

297 

5-8 

53 

200 

Ni tube *♦ . 

373 

7»6 

31 

150 


The data for tungsten were specifically obtained for this purj^se and are the 
mean of five concordant values, viz. B = 27, 33, 21, 34, 22 min."* ; E = 1*9, 
1*9, i«o, 1*2, 1*8 kcal./mole, obtained w'ith two different wires. Nevertheless, 
in two further cases with the same apparatus, which we have excluded, markedly 
larger values were obtained, B = 143, £ = 2*1 and B == 5440, E = 3*1. The 
other catalysts were examined under less rigorous conditions, and B and E 
values depended in the case of Pt, for example, on the method of activation. 
The values chosen are those in the present author's opinion most likely to 
correspond to the least contaminated wire surface. One is further inclined to 
attach some weight to these values since they may be used to calculate values of 
kg on films of known area, which were the subject of quite independent experi¬ 
ments by A. and L, Farkas.* The results are given as Ac*ic./^obf. lor the following 
films, Ni, 0*25 ; Pt, 0*5 ; and Pd, 10. 

The calculated values of B are greater than those observed by a factor 13 
for tungsten, 5 for nickel and 4 for palladium, while for platinum the values are 
equal. We may quite reliably attribute a lar^e part of this discrepancy to the 
assumption of a dilute V.W. monolayer. This assumption is not fulAled for 
the data given, and in the next section we shall show how to derive an approximate 
correction factor. 

Treatment of Concentrated Monolayers. 

In most cases k^ is found to depend on the pressure to some fractional power.** 
The basis for this is that the monolayer is too concentrated for the relation 

*® Langmuir, Physic, Rev., 1923, 22, 374. 

** Johnson, ibid., 1938, 54, 459. 

*• A. Farkas, Trans. Faraday Soc., 1936* 33 i» 922* 

*• A. Farkas, ibid., 1936, 32, 1667, 

** Fajans, Z. physik. Chem. B, 1935, 28, 239. 

*• A, Farkas, Orthohydrogen, Parahydrogen and Heavy Hydrogen (Cambridge, 
* 935 ). p. 98 ct seq. 
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9 tax hp to hold, and if we employ the empirical Fietmdlich equation.then 
it follows that k^ccp^“'^. It is well known that short ranges of the Xjuigmuir 
isotherm, eqn. (9), are approximately fitted by the Freundlich equation, y varying 

from t to o as the monolayer 
becomes more concentrate. 
Our procedure is to calculate a 
number of theoretical Langmuir 
isotherms for the VrW. layer of 
hydrogen molecules, to deter¬ 
mine value of exorrespond- 
ing to a given experimental value 
of y, and hence to determine the 
error involved in replacing 9/1 
— a, by a, i.e. in approximating 
eqn. (9) by eqn. (ii). 

Fig. 2 shows three t5rpica 
Langmuir isotherms, as a plot of 
logje 9 against log^oP, calculated 
from eqn. (9) using a theoretical 
b value, eqn. (10), in which we 
assume jf{T) = j§(T) and a/ = 
8 X io“^* cm.*. Two values of 
Ny are taken, covering the values 
we might expect for the V.W. 
adsorption of hydrogen. The 
resultant curves thus bracket a 
wide range of b values. (Our 
argument is independent of the 
precise values taken of the para¬ 
meters.) 

y in the Freundlich isotherm 
is the slope, d log or/d log p. 
The diagram shows that y = 0*5 
„ ^ corresponds to a == 0*5, y = 0*2 

hiG. 2. —Hypothetical Langmuir isotherms for to a ^ o*8, and y = o*i to a 

the adsorption of H, into the van der ~ The effect of calculat- 

Waals' layer on top of the stable chemi- ing from 9 = bp in place of the 

sorbed layer. The isotherms are calculated proper equation cr/i — 0 = bp 
as follows: No. i, Nx = 2000 cal., 90® k. ; js to give too high a value of a. 
No. 2, 2000 cal., 293® K. ; No. 3, 4000 and hence Fo»ie. iii first case 
eal., 293 K. ^jy factor 2 (o'5/o*5 instead of 

0*5), in the second by 4, in the 
third by 8. Thus, if we know the experimental values of y corresponding to the 
data of Table II, we may derive a rough correction factor as above, by which we 
divide the value of The results are given in Table IV. It was necessary 

TABLE III.— Calculation of Theoretical Isotherm 



Curve No. 

Nx, cal. 

r®K. 

bf null, Hg-i. 

I 

2000 

90 

8*15 X 10" * 

2 

2000 

293 

6’o8 X lO' • 

3 

4000 

293 

I‘88 X lo'^* 


for the case of Pt and Pd to take data on these metals from other workers, 
Bonhoeffer and Farkas and Wagner and Hauffe,^’ respectively. 

The calculated values for platinum still agree well and the discrepancy for 

♦ Dr. F. C. Frank has pointed out to me that where the two isotherms ap¬ 
proximate to each other they have the same value of d log 9 /dp. Application 
of this condition to the equations for the two isotherms leads directly to the 
general result, y = i — 0. The correction factor, as listed in the Table, is then 
i/y. 

Boahoeffer and Farkas, Z. physih. Chem. B, 1931, 12, 231. 

IT Wagner and Hauffe, Z. Elektrochem., 1939, 45, 409. 
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tbe otber metals is only about a factor 3, which we may regard as a generally 
satisfactory result. 

TABLE IV.— Correction Factor for Concentrated Monolayer 


Catalyst. 

y. 

OMTectioa 

Factor. 

^oale. 


W wire 

0*5-0*I2 ^ 

2-8 

170-40 

27 

Pt wire 

0*67 

1-5 

90 

no 

Pd disc 

0-5 

2 

100 

53 

Ni tube 

0 ' 6 i 

1*5 

100 

31 


Departure from Uniformity and Ideality of tlie VeW. Monolayer. 

In spite of its success we may show that our calculation has not taken every factor 
into account. We may suppose that effects arise (a) from some variations in 
activity over the catalyst surface. We may expect in tungsten that both no 
and 100 planes are developed in the surface. There is reason to believe “ that 
these planes may differ in catalytic activity, (b) A repulsive potential between 
hydrogen molecules in the V.W. layer. 

Both these factors may be expected to make the adsorption isotherm deviate 
from the true Langmuir form towards a Freundlich isotherm holding over a wide 
pressure range with a constant value of the exponent y (in or oc />»). The scanty 
data available show that the relation oc and therefore its precursor 
9 oc p*, holds over a much wider pressure range than we should expect from 
inspecting Fig. 2. This figure shows that a cc p^ with a given y value cannot 
hope to approximate the Langmuir equation for a pressure alteration of more 
than a factor 5. For the Ni tube 1 * y o*6i held accurately for a i2oo-fold 
change in pressure. For the W wire catalyst ^ we found in one case y = 0*44 
held over a 170-fold change of pressure. 

While it may be supposed that non-uniformity contributes a part of this 
effect, it is clear that non-ideality, due to neighbour interactions, is also im¬ 
portant. Wang has shown how this kind of isotherm deviates from that of 
Langmuir, His curve c. Fig. 2, p. 137, fits 9 oc over a 40-fold range of p. 
Neighbour interactions in the chemisorbed layer are quite appreciable, but 
may be neglected since they remain unchanged during the reaction. They need 
consideration when a mix^ chemisorbed layer of hydrogen and, say, oxygen 
is present.^ Non-uniformity of surface, when marked, is shown in the next 
section to give abnormal values of B. 

Abnormal B Factors. —Table V gives data on B factors higher and lower 
than those previously described. 

TABLE V.— Abnormal B Factors 


Catalyst. 

H 

£, kcal. 

B, mia.-» 

dE, kcal. 

“-I; 

kcal. 

W wire * 

173 

2*1 

2 X 10* 

0-5 

0*7 

W wire ^ 

173 

3*1 

8-3 X io» 

1*5 

2*0 

W wire *• 

173 

3-8 

4 X 10* 

2«2 

2*5 

Pt wire 

373 

14*5 

1*7 X lo® 

8*1 

12*3 

Pyrex glass . 

573 


2*7 X io~* 

— 


Pyrex glass 

658 


i‘5 X io“* i 




The abnormally low values on Pyrex glass are obviously interpreted on the 
picture of a completely inactive silicate surface in which are distributed sipaU 

Beeck, Smith, and Wheeler, Proc, Roy, Soc, A, 1940, 177, 62. 

« Wang, Md,, 1937, i6it 127. 

A. Farkas, Z. physik, Chem, B. 1931, 14, 371. 

Clough and Eley (unpul^ished results). 
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active areas, probably small islands of metal of colloidal dimensions or even 
single metal ions. Tbe right-hand side of eqn. (20) then requires multiplication 
by a constant factor, the ratio of active to total surface area. 

In considering the high values of B we first refer to eqn. (12). In developing 
this equation we assumed If, in forming the active triatomic complex, 

the bond to the metal surface was very much weakened, we should have 4 ^ > ^ 
and the factor would appear in the right hand side of eqn. (17) for and 
eqn. (20) for B. But it is impossible that 4 * > 4 ^ should reach a value of i*6 x 10^, 
which is the ratio of B/B^^ in the Pt case above. Here B^ is the normal value of 
B, and £„ is the normal value of E, as listed in Table II for the metal concerned. 
In such cases we must consider the effect of a surface made up of sites of varying 
activation energy, or more precisely, varying x ~ 

Such a problem would be rigorously attacked by replacing the single term 
on the right-hand side of eqn. (17) by a sum or integral over a number of sites 
of different x — along lines previously laid down (cf. Constable,•• Schwab,** 
and Eyring •*). Referring to eqn. (18) for E, a rough formulation results by 
considering the main part of the difference AE between E and E„, to be due to 
the term JRT^d In //dT, which gives the increase with temperature of the number 
of centres on which the conversion is taking place. As we see from eqn. (20) 
for B, this same term will give the difference J^T In B/B„, and so we should expect 
this term to equal AE. Table V shows that this is only approximately true, 
AE in all cases being rather smaller than J^T In B/B„. Other mechanisms might 
also lead to such an approximate compensation of E and J^T In B, but we con¬ 
sider this the most likely one. A more rigorous treatment will be given when 
further data become available. 

The Gap H3rpothe8i8 of Gataly 8 i 8 . —While the general picture of interaction 
between a van der WaaFs layer and a chemisorbed layer seems satisfactory, the 
details remain to be settled. One such mechanism may be called the gap 
h^othesis. Roberts • showed that the irreversible dissociative adsorption of a 
diatomic gas to give an immobile atomic monolayer would necessarily result in 
8 % of unoccupied sites. Rideal *® has suggested an elegant mechanism for the 
parahydrogen and other hydrogen exchange reactions, in which it is supposed 
that a hydrogen molecule adsorbed on the gap can undergo a valency switch. 


D 
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D 

D D 
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D 

D 

1 
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1 1 


1 

1 

1 
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W 

w 
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w w 

w 

W 

W 
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The formation of the new H—bond may be expected to overcome the 
reaction inertia and result in a low activation energy. If we assume this mechan¬ 
ism, then we require to multiply our calculated B values by 0-08, making them 
now 3 to 10 times less than those observed. This difference is not sufficient to 
decide the mechanism on a comparison of observed and calculated B values. 

At first sight a main objection to the gap mechanism, as noted by Rideal 
and Herington,** is that the conversion mechanism would cause the gaps to 
move about the surface, and as two became neighbours they would be immedi¬ 
ately filled by dissociative adsorption of an H, molecule. In this way the gaps 
woidd disappear and the reaction become self-poisoned. However, on the simplest 
view the initial ratio of the conversion to the poisoning rate would be i/(o*o8)*, 
i.e. 156. At half-activity of the surface it would be i/(o*04)* = 625. We must 
further allow for a repulsive potential of 1400 cal./mole between neighbouring 
H atoms,* which will act as a repulsive potential between the gaps. The ratios 
are now and 6256^*^^*^, i.e. at 173® k., 8900 and 35,600. We did 

not detect such a self-poisoning in experiments on tungsten, ^ but the ratio is 
so large that the effect might escape detection in any but specially designed 
experiments. Some relevant data are recorded for Fe*^ and charcoal,** where 
the adsorption of H| at high temperatures has been stated to poison the con¬ 
version at low temperatures (80° k.). In these cases we are undecided how far 

** Constable, Proc. Roy. Soc. A, 1925, 108, 355. 

•• Cremer and Schwab, Z. physik. Chem. A, 1929, 144, 243. 

** Ref. 9, p. 394 - 

•* Rideal, Proc. Cantb. Phil. Soc., 1938, 35, 130. 

**.Herington and Rideal, Trans. Faraday Soc., 1944, 40, 505. 

Emmet and Harkness, J. Amer. Chem. Soc., 1935, 57, 1624. 

*• Burstein and Kashtanov, Trans. Faraday Soc., 1936, 3^8, 823. 
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the paramaffiietic method of conversion enters the picture. It is unlikely for 
Fe (cf. results of A. Fnrkas **), and while at one time it was considered the 
dominant mechanism on charcoal at So*' x., recent evidence suggests an exchange 
mechanism may even enter here.** 

Experiments are jplanned in which a chemisorbed layer of hydrogen is treated 
with carbon monosude, or alternatively atomic hydrogen. These gases are 
expected to adsorb on single sites and fill up any gaps, and so the presence or 
absence of poisoning by CO or H will furnish a critical test of the ga^ mechanism. 
So far the only experimental evidence in favour of the gap mechaiusm has been 
adduced by Rideal and Herington •• on the basis of the author's poisoning curve 
for oxygen.^ 

A mechanism not involving ^ps is that sketched below, in which a triangular 
activated complex of 3H atoms is formed, which may rotate to give an exchange 
of atoms. 


D 







H 



W 


D 


D 


H-D 

H 

1 




Free rotation of the complex need not be assumed, so we do not depart from 
the assumption ~ 1. While London*^ has shown that in the gas phase 

exchange forces prohibit the triangular transition complex, it is possible that 
the metal surface might modify tins condition, perhaps along lines mentioned 
in the concluding section. 


Conclusion. 

In the gas phase the conversion proceeds through 
H oH| “f" H, 

a reaction with an activation energy of 5-7 kcal. and a steric factor of o*i.** 
It is now apparent that the catalysed reaction is in no wise very different, either 
in nature or in £ and steric factor. The main inertia in the gas phase is the 
provision of H atoms requiring, as it does, an £ of 51 kcal./g. atom and thus a 
temperature of 900° k. A tungsten surface will provide H atoms of similar 
activity at room or even liquid-air temperature. The central problem then 
consists in reconciling the known strength of the W—H bond of 74 kcal. with the 
reactivity of the hydrogen in this and other similar reactions. No hydrocarbon 
or non-metallic compound is definitely known at present to show such a vigorous 
exchange reaction, although a chance observation of Farkas and Sachsse *• 
suggests a thin film of non-volatile boron hydride may have some activity. It 
seems, however, clear that organic or metallo-organic l^ies will act as catalysts 
for hydrogen gas, since there are bacterial enzymes which are effective in this 
way.** 

We may note two factors which, present at a metal surface, may be expected 
to lower the activation energy for the exchange of atoms below that for, say, 
a hydrocarbon. 

(1) In the methods of London and Eyring and Polan}^, the powerful coulombic 
potential of the positive cores may be expected to have a gener^ effect in lowering 
energy barriers.** 

(2) The possibility of numerous resonance structures for the transition metal 
—H, complex, which by depressing the energy of the activated complex will 
lower the activation energy. This notion was suggested in connection with 

*• A. Farkas, Trans. Faraday Sac,, 1936, gx, 416, 

** Burstein, Acta Fhysicochtm., 1938, 8, 857. 

*^ London, ProbUme der modimen Physik. (Sommerfeld Festsbhrift), X928, 
p. 104 ; Z. Elektrochem., 1929, 35, 552. 

** Ref. 15, p. 68. 

•* Farkas and Sachsse, Trans. Faraday Soc,, 1934, go, 331, 

** Cavanagh, Horiuti and Polanyi, Nature, 1934, I33> 797. A. Farkas, Trans, 
Faraday Soc., X936, 32, 929. 

** cf, Stearn, Ergeb, Enzymforsch, 1938, 7, 

8* 
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surface catalysis by Polanyi ** and a calculation made by Evans and Warhurst 
for the Diels reaction. 

How far factors such as these are responsible for the activity of chemisorbed 
hydrogen remains the central problem for further investigation. 


Summary. 

A theoretical calculation is given of the temperature-independent " factor 
for the exchange of atoms between a hydrogen molecule in a van der Waals* 
layer and a hydrogen atom in an adjacent position in the underlying stable 
chemisorbed layer on the metal, for the case of a dilute van der Waals' layer. 
It is shown how to apply a correction factor for the case of concentrated layers. 
The results so obtained agree within a factor of about 3 with data for the catalysts 
tungsten, nickel, platinum and palladium. 

A discussion is given of the effects of non-uniformity of the surface and non¬ 
ideality of the monolayer, and also of “ abnormal values of the temperature- 
independent factor. Some tentative conclusions are drawn about the detailed 
nature of the interaction between the two adsorbed layers. 

Department of Chemistry, 

University of Bristol, 

Bristol, 8. 

*• Polanyi, Sci. J. Roy. Coll, of Sci. (Lond.), 1937, 7* 21. 

” Evans and Warhurst, Trans. Far^ay Soc., 1938, 34, 614. 


A NEW METHOD FOR THE RAPID TITRIMETRIC 
ANALYSIS OF SODIUM ALKYL SULPHATES 
AND RELATED COMPOUNDS. 

By S. R. Epton, 

Received 2gth January, 1947. 

The investigation of important physico-chemical properties of dilute 
solutions of surface active substances such as sorption at solid interfaces, 
rate of migration across boundaries and diffusion phenomena would be 
facilitated if a rapid, accurate and flexible method of analysing these 
solutions were available. Although some twenty methods are to be found 
in the literature, no single method combines these three virtues. 

The purpose of this paper is to describe a new method of analysis which 
possesses these desirable characteristics to a useful extent since it can be 
used for the titrimetric estimation of an extremely wide variety of surface 
active materials of organic sulphate and sulphonate classes. 

Principle of the Method.—Jones ^ has shown that whereas the chloride 
of methylene blue is insoluble in chloroform, the alkyl sulphates and 
related salts are freely soluble and may be quantitatively extracted by 
chloroform from aqueous solution provided that the chain length of the 
organic part exceeds a certain value. (This fact was used as the basis of 
a colorimetric method of estimation.) Jones also found that extraction 
is inhibited if the aqueous solution contains a quantity of cation-active 
material more than equivalent to the anion-active material present. These 
pbservations provide a basis for determining the end-point of a titration 
of an anion-active material with a cation-active material. 

If a dilute solution of the anion-active material containing a small 
quantity of acid methylene blue is shaken with chloroform, the blue colour 

1 Jones, /. Assoc. Official Agr. Chem., 1945, a8, 398 ; Chem. Abstr., 1945, 39, 
395i‘ 
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is concentrated in the chloroform layer. If then a solution of cetyl pyrl- 
dinium bromide is added slowly, the distribution of the colour is not at 
first altered but as the quantity nears equivalence a fairly rapid transfer 
of colour from the lower to the upper layer occurs. Eventugdly the two 
layers have the same colour; this is found to be the equivalence point. 
On further addition of cetyl p3nidinium bromide the lower layer lightens 
in shade and finally becomes colourless. This process has been standard¬ 
ised in an easily usable form (see below) and applied to a wide range of 
materials. 


Experimental. 

Materials 

Cetyl Pyiidinium Bromide. —^This was obtained in a relatively pure form 
by recrystallising a sample of Fixanol C {ex Messrs. I.C.I. (Dyestuffs) Ltd.), 
twice from methyl ethyl ketone and once from acetone. 

Methylene Blue. —A sample of B.P. quality containing about 85 % of pure 
dyestuff was employed. 

Anion-active Materials. —The samples of pure sodium alkyl sulphates were 
kindly supplied by Dr. P. A. Winsor and Mr. L. N. Goldsbrough; an account 
of the preparation and purification of these substances is being prepared. The 
sodium secondary alkyl sulphates of var3dng chain-length range were obtained 
by sulphation of olefins formed by the cracl^g of petroleum waxes. 

Procedure. —locc. of an approximately 0*005 m. solution of the anion-active 
material is pipetted into a 250 cc. stoppered reagent bottle. To this is added 
25 cc. of solution containing 0*003 % Methylene Blue (B.P. quality), 1*2 % 
sulphuric acid, 5*0 % sodium sulphate (anhydrous), followed by 15 cc. chloro¬ 
form. The bottle is shaken with just sufficient force to ensure that the phases 
mix thoroughly. At this stage the upper layer is a pale blue and the lower 
dark blue. A solution of cetyl pyridinium bromide containing about 2 g./l. 
of purified material is added about 2 cc. at a time with intermittent shaking. 
When the colour of the upper layer begins to deepen the rate of addition is 
reduced. The end-point is reached when both layers, viewed in reflected light, 
are the same colour. 

The molar concentration of the cetyl pyridinium bromide solution is deter¬ 
mined in the following manner. 50 cc. of the solution are pipetted into a beaker. 
25 cc. of a 0*01 M. potassium dichromate solution is added. Insoluble cetyl 
pyridinium dichromate is precipitated. The beaker is heated to 90® c. to co¬ 
agulate the precipitate and the liquid is then filtered through a No. 40 Whatman 
filter paper. The excess dichromate in the filtrate is estimated iodometrically. 

Discussion. 

Nature of the End-point. —The end-point was proved to be stoichio¬ 
metric by the following procedure. A cetyl pyridinium bromide solution 
was standardised in two ways, against potassium dichromate and against 
a solution of pure sodium tetradecan-2-sulphate, 

CH,. (gH,)a . CH(0 . SO.Na) . CH„ 

using the new method. By the first method its concentration was found 
to be 0*003845 M. by the second 0*00383 m. 

Scope. —Substances with three kinds of polar group have been in¬ 
vestigated namely sulphate, sulphonate and carboxylate. All substances 
of the first two classes, provided that the organic part of the molecule is 
sufficiently large, give satisfactory end-points, and the analyses agree well 
with those found by other methods. Carboxylates do not gfive an end¬ 
point, and their presence does not affect the titration of members of the 
first two classes. Satisfactory end-points can be obtained with sodiufh 
alkyl sulphates provided that the clmin length is greater than six carbon 
atoms, but loiv results are obtained when it is shorter than eight (see 
Table I). Sodium benzene sulphonate and xylene sulp^nates do not 
give end-points. The method hats been applied with success to mixtures of 
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sodium secondary alkyl sulphates made by sulphation of olefin mixtures of 
varying mean chain length. The results are shown in Table 1 , 

The efiect of the position of the polar group with respect to the hydro¬ 
carbon chain has been investigated by analysing solutions of six of the 

TABLE I. —Purity of various Alkyl Sulphates determined by New 
X iTRiMSTRic Method and by other Methods. 


Substance 

Titrimetric Method, 
% Purity 

Independent Method, 
% Purity 

Sodium hexan-i-sulphate .... 

75-1 

100*0 (x) 

Sodium octan-1-sulphate .... 

99*5 

100 (x) 

Sodium octan-2-sulphate .... 

97*2 

97-5 W 

Sodium octan-4-sulphate .... 

37*2 

38-0 (y) 

Sodium decan-2-sulphate .... 

97*2 

95-5 W 

Sodium tetradecan-1-sulphate 

100 

100*0 {x) 

Sodium tetradecan-2-sulphate . 

99-6 

100*0 (x) 

Sodium tetradecan-3-sulphate 

21*0 

207 (z) 

Sodium tetradecan-4-sulphate 

32*4 

32-4 W 

Sodium tetradecan-b-sulphate 

23*5 

22*6 (y) 

Sodium tetradecan-7-sulphate . 

Sodium secondary alkyl sulphates— 

24*7 

24-0 (2) 

Cjg fraction .... 

22-0 

22-9 (y) 

Cl. . 

20*45 

20*0 (y) 

Ci8 ...... 

99*1 

100*0 (^r) 

C,.-Ci,. 

96*4 

96*4 {x) 

Cij-Ci. ..... 

12*4 

127 (y) 


X determined from sulphated ash after removal of free sodium sulphate 
if any. 

y determined from total dry matter after removal of free sodium sulphate 
if any. 

z determined from tensimetric or bubble-pressure method, 

seven isomeric sodium tetradecan-sulphates and of three of the four octan- 
sulphates. It can be seen from Table I that the deviation of the results 
from those obtained by other methods is small. There is no systematic 
variation with change of position. 

The concentration of the solution for most satisfactory results is found 
to be between 0*003 and o*oo8 m. At higher concentrations the chloro¬ 
form-water emulsions 
become too stable. The 
effect of continually re¬ 
ducing the concentration 
of both solutions in the 
titration is shown in 
Table II. 

Over a tenfold dilu¬ 
tion there is a decrease 
of 10% in the titre. 
With certain exceptions 
the common inorganic 
anions and low mole¬ 
cular weight organic 
anions in reasonable 
concentration do not interfere. The exceptions are picrate, chromate and 
perchlorate. 

Precistenk—^The behaviour of the method in the hands of relatively 
unskilled and inexperienced analysts has also been examined* Forty«>-8ix 


TABLE II. —Effect of Dilution on the Titra¬ 
tion OF Sodium Secondary Alkyl Sulphate 
(C io-Cig Range) Solution. 


Concn. of Alkyl 
Sulphate 
<««.) 

Concn. of Cetyl 
Pyridinium Bromide 
(u.) 

% Original 
Titre 

0*00478 

\ 

0*00464 

100 

0*00239 

0*00232 

99*1 

0*001195 

0*001x6 

98*2 

0*000597 

0*000580 

92*4 

0*000478 

0*000464 

90*3 
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pairs of titrations were carried out, both titrations in each pair being per* 
formed by the same analyst. Although the average titre was about 
10 cc. only seven pairs differed by more than 0*05 cc. A repeatability 
for the titration of about 0*5 % was, therefore, attained. The TOlutions 
aiial3^sed contained sodium secondary alkyl sulphates of mean chain length 
Ci4 and chain length range The reproduciWlity among four 

different analysts is epitomised in Table III. 

TABLE III.— Accuracy and Precision of Analyses given by the 
Methylene-Blue-Fixanol Method. 


Mean deviation from the mean for all analyses 
,, „ „ Analyst A 

*« It ft ft ft ® 

tt ft It tt t# C 

tt tt tt tt t. I> 


_ 7 o 

0-87 % 

== 0-57 % 

= 0*97 % 
= 0-91 % 
= 0-77 % 


Analysis of Water*insoluble Surface Active Materials.—A class of 
surface active material known as the sodium " petroleum sulphonates or 
naphtha sulphonates of high molecular weight are obtained in the sul* 
phuric acid and oleum refining of white oils (e.g. medicinal oil). These are 
often insoluble in water in which case they cannot be analysed by the 
procedure outlined above. The method can be successfully applied to 
them, however, if they are dissolved in chloroform to form a solution of 
known weight concentration. An aliquot (10 cc.) of this solution is 
pipetted into the titration bottle; the titration is then proceeded with as 
before. The end-point is much sharper in this case than when lower 
molecular weight materials are analysed. 

Discussion.—^Three methods of rapid analysis of surface active materials 
described in the literature have received fairly wide attention. These are 
the benzidine hydrochloride method,* the Hartley-Runnicles method* 
and the tensimetric or bubble-pressure method.* The benzidine hydro¬ 
chloride method depends on the insolubility in water of the benzidine salt 
of the alkyl sulphate. The lower limit of chain length of the organic 
portion of the molecule before the salt becomes too soluble has been found 
in this laboratory to be about 10 or ii carbon atoms. It is claimed in the 
literature that analyses reproducible to ± 0-3 % are obtainable with the 
method.* This has not b^n realised here, difficulty having been found 
in obtaining reproducibility of ± 2 % without the introduction of stringent 
and time-consuming refinements of procedure. 

The Hartley-Runnicles technique relies on the insolubility of the cetyl 
pyridinium or cetyl trimethyl ammonium salt of the all^l sulphate; 
these are appreciably soluble up to a chain length of 10 carbon atoms. 
Moreover, the end-point depends upon recognising the point of most rapid 
colour change between a purple and blue form of the indicator. This 
requires the utmost skill in itsMetection if an accuracy of ± i*o % is re¬ 
quired. 

The tensimetric or bubble-pressure method gives an extremely sharp 
end-point but the utility of the method is restricted by its sensitivity to 
the presence of inorganic salts. It has also been observed in this laboratory 
that under these conditions the position of the end-point is affected by 
temperature. It appears from ihe results above tbAt the new method 
seems to possess a wider applicability than those described above. It will 
operate toth at chain lengths as short as eight, and at chain lengths so 
long that the resulting s^ium salt is water-insoluble. The end-pointf* 

* Kling and Puschel, MeUiand TexHlber., 1934, 

* Harffey and Ruxmicles, Proc. Roy, Soc. A, 1938, id8, 424. 

* Preston, J, Soc, Dyers CoL, 1945, 61,165. 
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easily recognised by inexperienced personnel, is unaffected by the presence 
of large quantities of inorganic salts, or by variations in temperature. 
The reproducibility is of the order of 0*7 %. 

: The author wishes to thank Messrs. Shell Refining and Marketing 
Co. Ltd., for permission to publish this paper, and Dr. P. J. Gamer and 
Mr. S. L. Levy for valable advice and suggestions. 

Summary. 

1. A titrimetric method for the analysis of dilute solutions of surface active 
materials of the organic sulphate and sulphonate class is described. The method 
is based on the use of a two-phase indicator for the end-point of a titration with 
cetyl pyridinium bromide. 

2. The method determines with accuracy the concentration of alkyl sulphate 
solutions the chain length of which is from eight carbon atoms upwards. Water- 
insoluble sulphonates of very high molecular weight may also be analysed. 

3. The accuracy is unaffected by the position of the polar group in the surface 
active anion, by the presence of common inorganic salts or by change of tem¬ 
perature. 

4. Results are reproducible to ± 0*5 to ± i*o %. 

5. The performance of the method is compared with that of others and is 
found to be superior to them in nearly all respects. 

Note added in Proof .—Two methods similar in principle to the above though 
differing widely in practical details have recently been published by Barr, Oliver 
and Stubbings*( 7 . Soc. Chem. Jnd., 1948, 67, 45). One of the methods is claimed 
to have some advantages over that described above. Work in these laboratories 
has not been able to substantiate the claim. Details of these results will be 
published later. 


THE STANDARD FREE ENERGIES OF FORMA¬ 
TION OF GASEOUS ORGANIC COMPOUNDS: 
A GROUP METHOD OF SUMMATION. 

By J. G. M. Bremner and G. D. Thomas. 

Received yth February, 1947. 

In catal3rtic work it is important to know the magnitude of the free 
energy changes involved in the reactions under examination so that the 
optimum conditions of temperature and pressure may be fixed at the 
beginning of the experimental work. In the past decade the Bureau of 
Standards in America has published comprehensive thermodynamic 
data for the hydrocarbon series and with this exception, reliable data on 
organic compounds are rare. Because of this lack of data attempts have 
been made to develop general equations and to define rules as a guide in 
deriving the standard free energies of formation of organic compounds. 
These attempts are intended to cover compounds for which data do not 
exist or to give standard free energies at temperatures not examined 
experimentally. 

Parks and Huffman,^ Francis,* and Egloff * have derived equations 
for the calculation of standard free energies but these either fail to take 
into account differences between isomers or refer only to one temperature, 

* Parks and Huffman, Free Energies of Some Organic Compounds (Chemical 
Catalog Co., 193^)- 

* Franqis, Ind. Eng. Chem., 1928, ao, 277. 

* Egloff, ibid., 1937, 1260. 
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namely 298*1^ K. Bruins and Czamecki ^ assigned standard free energies 
of formation to various atomic linkages but found that branched cl^n 
hydrocarbons “ often defy simple interpretations/' Andersen, Beyer and 
Watson * have described a comprehensive group contribution methc^. 
It is, however, somewhat tedious particularly where standard free energies 
are required at more than one temperature. 

To take into account the effects of chain branching and the differences 
between isomers we decided to assign standard free energy values to 
characteristic groups rather than bonds. Thus all saturated aliphatic 
hydrocarbons, higher than methane, may be regarded as built up from the 
following four groups: 


CH,— —CH,— ^CH— 


I 


The standard free energy of formation of a compound is then obtained by 
summing the contributions of the characteristic groups. By assigning 
group values for temperatures of 300°, 600°, 800° and 1000° k. the 
derivation of standard free energies at other than room temperature may 
rapidly be carried out. The group values are given to the nearest 0*5 
kcal. The standard free energies of formation given in this paper refer to 
the ideal gaseous state at i atm. pressure. 

This method as applied to the aliphatic series naturally does not take 
directly into account the varying contributions to the entropy due to 
restriction in internal rotation and differences in the symmetry number 
of the compound concerned. For cyclic compounds it is necessary to 
allow for these varying contributions. 


A. Aliphatic Compounds. 

1. The Standard Free Energies of Formation of the Paraffiiis. 

In the paraffin series free energy contributions were assigned to the 
methyl (—CH,), methene (>CH,) and methine (—>CH) groups and to 
quaternary carbon (>C<). The group values, derived from Rossini’s* 
results, are given in Table I. The standard free energies of formation 

TABLE I.— Standard Free Energy of Formation 
(AC°) OF Groups in the Gaseous Paraffins (kcal.) 


Group 

300® 

600® 

800® 

1,000® K. 

— CH3 

-4 

2-5 

7*5 

12*5 

— -CH,— 

2 

9*5 

H'5 

19-5 

*— CH— 

7*5 

16 

21*5 

27 

-i- 

1 

13 

24 

30-5 

37*5 


obtained by summing the group values of Table I are compared with the 
Rossini figures in Table II. The agreement is reasonably good. 

2. The Standard Free Energies of Formation of the Olefins. 

To calculate the standard free energies of formation of the olefins 
the additional group values given in Table III are required. They ass 

* Bruins and Czamecki, Ind, Eng. Ckem., 1941, 33, 201. 

* Andersen, Beyer and Watson, Nail. Petr. News, 1944, 36, R. 476. 

* Rossini, Bur. Stand. J. Res., 1945. 34 f 406. 
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derived from Rossini's’ figures. A comparison is inade between the 
group values and those of Rossini in Table IV* 


TABLE II.-—Comparison of Group with Experimental Standard Free 

Energies. 


Fftraffin 

Scmroe 

300* 

600® 

800® 

tOOO®K. 

Butane 

Group 

-4 

24 

44 

64 


Exptl. 

—3.6 

24*6 

44-5 

647 

Octane .... 

Group 

4 1 

62 

102 

142 


Exptl. 

4‘5 

62-0 

102-2 

142-8 

Eicosane 

Group 

28 

176 

276 

376 


Exptl. 

287 

175-2 

276 

377*7 

2-Methyl propane 

Group 

-4-5 

23*5 

44 

64-5 


Exptl. 


25-2 

45-8 

66-8 

3-Methyl pentane 

Group 


42*5 

73 

103*5 


Exptl. 


43-5 

73*9 

104*5 

2:2-Dimethyl hexane 

Group 

3 

62-5 

104 

146 


Exptl. 

2-9 

62-7 

104-3 

146-3 

2-Methyl-3-ethyl pentane . 

Group 

3 

61 

102 

143 


Exptl. 

5-4 

64*5 

105-5 

I 47 -I 

2:2: 3-Trimethyl butane 

Group 

0-5 

52*5 

89-5 

127 


Exptl. 


53*9 

90-7 

1277 

2:2: 4-Trimethyl pentane 

Group 

2-5 

62 

104 

146*5 


Exptl. 

3*5 

63*7 

105-6 

147-7 


3, The Standard Free Energies of Formation of the Alcohols. 

In this class of compounds the lack of adequate thermodynamic data 
begins to make itself felt. There are, however, sufficient data to arrive 
at satisfactory values for the standard free energy of the hydroxyl group 
over the desired range of temperature. 

TABLE III.— Standard Free Energy of Formation of Groups in 
the Olefin Series. 


Group 

300® 

600® 

800® 

1000® K. 

—CH = CH, . 

19 

23 


30*5 

—CH==CH— (cis) 

24 

29*5 


37*5 

—CH-cCH—(Gratis) . 

23*5 

28-5 

32 

36 

>C=CH— {ds) 

26-5 

33*5 

37*5 

42 

>C=»CH — (trans) 

26-5 

33 

37 

41 

>C=CH, . 

22 

28 

31-5 

35*5 

>C«C< . 

32*5 

41 

465 

51*5 


The standard free energy of formation of gaseous ethyl alcohol has been 
calculated in three wa3rs: 


(i) using the third law, 

(ii) from experimental equilibrium data for the hydration of ethylene, 

(iii) from calculated equilibrium data for the hydration of ethylene. 

In (i) Rpssini's • value for the heat of combustion was taken together 
with Parks and Hufiman's ^ values for the entropy and heat capacity. 

’ Rossini, Bur. Stand, L R$s,, 1946. 36, 269. 

^ * Rossini, ibid,, 1932, e, 119. 
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From these data the formal standard free energy equation for ethyl alcohol 
was derived: 

AG® «* — 51,220 + 21*55 Tin r — 0*0114 T* — 82*95 T. 

In (ii) Bliss and Dodge's * standard free energy values for the hydration 
of ethylene in conjunction with Thacker's values for ethylene and water 
gave the standard free energy of formation of ethyl alcohol. 


TABLE IV. —Comparison of Group with Experimental Standard 
Free Energies. 


OMn. 

Source. 

300*. 

600*. 

8oo*. 

XOOO*K. 

Buten*i .... 

Group 

17 

35 

48-5 

62*5 


Expti. 

17*2 

35*9 

49*1 

62*5 

Konadecene-i . 

Group 

47 

177*5 

266 

355 


Expti. 

47*4 

176*6 

265*6 

355*4 

ri 5 >Hexene -3 

Group 

20 

53*5 

77 

101*5 


Expti. 

19*7 

53*7 

77.7 

102*1 

2 : 3-Dimethyl buten-i 

Group 

17*5 

51*5 

75*5 

100 

- 

Expti. 

174 

52*0 

76*0 

100*4 

3-Methyl c«-pentene-3 

Group 

i6-5 

50*5 

74*5 

99 


Expti. 

17 ! 

51*1 

75*1 

99*4 

2-Methyl ^faft5-pentene-3 . 

Group 

Expti. 

19 

52 

76 

100*5 


17*8 

52*2 

76*2 

100*7 

2 ; 3-Dimethyl buten-2 

Group 

i6-5 

51 

76-5 

101*5 


Expti. 

i6*5 

51*8 

766 

1 

101*8 


In (iii), Aston's calculated standard free energy changes for the 
hydration of ethylene were used in deriving the standard free energy of 
formation of ethanol. 

The combination of the standard free energy values of ethyl alcohol 
with the group values of Table I gave the standard free energies of the 
hydroxyl group, Table V. 


TABLE V. —Standard Free Energies of Formation of OH Group for 
Alcohols in the Gaseous State (kcal.). 


Source. 

ture (•*.). 

1 

Sxd Law. j 

Hydratioa of Etbyleiie. 

Mean. 

Equil. Data. 

Statistical 

Mechanics. 

300 

-38-5 

- 37*5 

— 38*0 

— 380 

600 

- 34-5 

- 35*0 

- 34*5 

- 34*5 

800 

- 31-3 

- 33*0 

-32*5 

-32*5 

1000 

— 29'0 

~ 3 i*o 

— 30*0 

— 30*0 


A comparison between experimental and empirical standard free 
energy values for several alcohols is given in Table VI. The experimental 
values given for the normal alcohols are those of Parks and Huffman.^ 
Since no reliable data are available for secondary and tertiary alcohols 
the group values have been compared with those obtained by the Anderson, 
Beyer and Watson * group contribution method. 

* Bliss and Dodge, Ind, Eng. Chem., 1931, a9» 19. 

Thacker, FolUns and MiUer, ibid., 1947, 33 » 5 ^ 4 * 

Aston, Szass and Isserow, /. Chem. Physics, 1943, ii» 532. 
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TABLE VI.— The Standard Free Energies of Forbiation of 
Adcohols in the Gaseous State. 


' 

Alcohol. 

Source. 


Temperatuie. 


300 *. 

6oo*. 

8oo*. 

XOOO* K. 

Ethyl alcohol . 

Group 
Ref. 1 

-40 
— 40*6 

— 22*5 

~io*5 

2*0 

w-Propyl alcohol 

Group 
Ref. I 

-38 

-38-6 

-13 

4 

21*5 

»-Butyl alcohol. 

Group 
Ref, I 

-37*4 

- 3*5 

i8-5 

41 

«-Amyl alcohol. 

Group 
Ref. I 

-34 

-35-3 

6 

33 

60*5 

w-Hexyl alcohol 

Group 
Ref. I 

-32 

-33*7 

15-5 

47*5 

80 

iso-Propyl alcohol 

Group 
Ref. 5 

-38*5 

-39*8 

-14 

3*3 

21*5 

tso-Butyl alcohol 

Group 
Ref. 5 

-3h*5 

-38-5 

- 4*5 

18 

41 

<-Butyl alcohol 

Group 

Ref. 5 

-37 

-38*9 

- 3 

20*5 

45 

/-Amyl alcohol. 

Group 
Ref. 5 

-35 

-38*2 

6*5 

35*0 

64*5 

Ethylene glycol 

Group 

Ref. 5 

-72 

-75-3 

-50 

-36 

— 21 

Butandiol, 1:4 

Group 

--68-0 

-31 

- 7 

i8 


Ref. 5 

-71*7 

-36*2 

1 

— 12 

12*5 


4. The Standard Free Energies of Formation of the Carb¬ 
oxylic Acids. 

The standard free energy of formation of the carboxyl group at 300° k. 
was calculated from the values given by Parks and Huffman ^ for acetic 
and ^-butyric acids. In order to obtain the variation of the standard 
free energy with temperature, the formal equation for acetic acid was 
calculated and gave 

AG® = — 101,700 4- 16*98 rin r — 9*835 X io-*r* + 0*99 X io~»r* 

— 2* 108 X 10® T-^ — 56*52 r. 


TABLE VII.— Standard Free Energies of 
Formation of the —COOH Group for 
Acids in the Gaseous State 


The following values of 
the heat and entropy ® of 
formation and specific heat * 
were used in deriving this 
equation : 

~ 107*3 ; 
AS®j,0 = — 54*0 I 
ACp = 9*88 4- 0*02678 T 
— 5*89 X io~* TK 

Table VII gives the values 
for the carboxyl group de¬ 
rived from the corresponding 
values for acetic acid and the methyl group value from Table I. In 
Table VIII a comparison is made between group and experimental values; 
the latter were taken from Parks and Huffman.^ 

Kharasch, Bur, Stand, J, Res,, 1929, a, 359. 


Temperature {®k.). 

AG* (kcal.). 

300 

-87 

600 

-77 

800 

-70 

1000 

-835 
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TABLE VIII.— The Standard Free Energies of Formation of Acids 
IN the Gaseous State (kcal.). 


Acid. 

Source. 

Temperature. 


300®. 

6oo®. 

8oo*. 

1000* K. 

Acetic acid 

Group 
Ref. I 

-91 

-91-23 

- 74*5 

— 62-5 

-51*0 

n-Butyric acid . 

Group 
Ref. I 

-87 

-88 

- 55*5 

- 33*5 

— 12 

Palmitic acid 

Group 
Ref. I 

-63 

-68 

58*5 

140*5 

222 

Succinic Acid . 

Group 
Ref. I 

— 170 
-173 

-135 

— III 

-88 

d/-Lactic acid . 

Group 
Ref. I 

— 121-5 
— I 2 I 

- 93 

- 73*5 

- 54 


5. The Standard Free Energies of Formation of the Aliphatic 
Ethers. 

Because of the lack of thermod5mamic data for this class of compounds, 
the standard free energy values of the —O— group was calculated solely 
from the data available for diethyl ether. The standard free energy of 
formation of diethyl ether at 300° K. was taken from Parks and HufEman ^ 
and the heat capacity was calculated by the method of Stull and Mayfield.^* 
The derived standard free energy values at 600®, 800® and 1000® k. for 
diethyl ether and thence for the —O— group are given in Table IX. 

TABLE IX.— Standard Free Energies of Diethyl Ether and 
—O— Group in the Gaseous State. 


Material. 

Temperature. 


300®. 

600®. 

1 800®. 

XOOO® K. 

Diethyl ether 
—0— Group 

-27-90 

-24 

+ 6-07 
— 18 


52-44 

-11-5 


6. The Standard Free Energies of Formation of the Aidehydes. 

The standard free energy of formation of the aldehyde group at the 
chosen temperatures, was obtained from the data for ace^dehyde by 
the method used in Section (5). The values are given in Table X. 


TABLE X.— Standard Free Energies of Acetaldehyde and the 
—CHO Group in the Gaseous State. 


Material. 

Temperature. 


300®. 

600®. 

800®. 

XOOO® K. 

Acetaldehyde 
—CHO Group 

- 33*5 

- 29*5 

-22-5 

-25 

-14 

-21-5 

- 6 

-i8-5 % 


Stull and Mayfield, Ind. Eng. Chem., 1943* 35f 639* 
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B. Cyclic Gompoimds* 

Entropy and standard free energy values unlike heats of formation, 
cannot be extended diieotly from the aliphatic to the cyclic series as has 
been fully discussed elsewhere.^* It can be shown that the sum of the 
group contributions must be adjusted to allow for changes in (i) the 
symmetry number, (ii) the numl^r of internal rotations, (iii) the trans¬ 
lational entropy, (iv) the resonance energy. 

Now the summing of group contributions is equivalent to writing 
equations as (i) in which there is an identity of groups on either side : 

3 CH,CH=CH . CH, ^ + 3C,H,, . . . (i) 

The heat of this particular reaction and the entropy change has been 
shown to be constant over the temperature range 300-1000° k. If 
the assumption is made that this constancy holds for other cyclic com¬ 
pounds we can correct simply for the changes (i)-(iv) enumerated above. 
The correction (AG') to be applied to the sum of the group values will 
be obtained by writing equations such as (i) and substituting known 
values for AG and AS or AH. Consequently from a knowledge of two 
of these quantities at one temperature it becomes possible to derive the 
standard free energy at any temperature for which group values are 
available. 

Writing the thermodynamic changes involved for reactions such as 
(i) in the form 

AG' = AH' - TAS' 

in which AH' and AS' are assumed constant, then the standard free energy 
(AG) of the cyclic compound is given by 

AG = AG' -I- AG» 

where AG^ represents the sum of the group values for the cyclic compounds. 

The application of these equations may be illustrated by considering 
cyclohexane, cyclohexene, furan and tetrahydrofuran. The thermo¬ 
dynamic properties of these materials at 300° are summarised in Table XI. 


TABLE XI. —^Thermodynamic Properties of Cyclohexane, Cyclo¬ 
hexene, Furan and Tetrahydrofuran. 


Cyclic Compound. 

no 

(kcal,). 

(kcal.). 

s 

(cal./degr. mol.). 

Cyclohexane 

7-3 

mSSM 

71*4 

Cyclohexene 

26-3 


72*3 

Furan .... 

4*0 


58.9 « 

Tetrahydrofuran 

—14*8 

U 

6i-5 “ 


The entropy values for furan and tetrahydrofuran are calculated ones.^* 

The heat and entropy of formation of the aliphatic compounds used in 
deriving the standard free energy change, AG', for group reactions as (i) 
are those given by Rossini et al,^* ^ 

Each of the four materials will be treated in turn. 


i^Biemner and Thomas, Nature, 1946, 158, 592 ; Trans, Faraday Soc., 1947, 
43 f 779 « 

P. G. Carter private communication). 

Conant and iustiakowsky, Chem, Rev,, X937, 
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1. The Standard Free Energy of Formation of Cyclohexane. 

We may represent cyclohexane as being formed from the de-ethanation 
of n-butane as in equation (2): 

3 CH,CH,CH,CH, = Ql + 3C.H,. . . . (2) 

For this reaction the standard free energy change is given by ; 

AG' = — 0*9 — 14*2 . lo-* T. 

The values derived from this equation together with the appropriate 
methene group values are given in Table XII. 


TABLE XII. —The Standard Free Energy of Formation of Cyclohexane 


Staodard Free Energy (kcal.). 

300®. 

600®. 

800®. 

XOOO® K. 

AGf . 

12 

57 

87 

II7 

AG'. 

- 5*1 

-9.4 

-12*3 

-151 

AG® (Group Value) .... 

6*9 

47*6 

74*7 

ioi‘9 

AG® (Andersen, Beyer and Watson *) . 

6-3 

46-2 

740 

I 02 -I 


The standard free energies of formation of cyclohexane as given by 
the Andersen, Beyer and Watson method * is included in Table XII. 
The agreement between these and the group values is rather close. 


2. The Standard Free Energy of Formation of Gyclohexene. 

The formation of cyclohexene may be written as in equation (3) : 

CH,CH = CHCH, + 2CH,CH,CH,CH, = + 3C . (3) 

The standard free energy change in this reaction is given by 
AG' = — 07 — i7‘3io“* T 

from which the values in Table XIII are derived. Unfortunately no 
experimental values are available for comparison. 


TABLE XIII. —^The Standard Free Energy of Formation of Cyclohexene. 


Standaxd Fine Energy (kcal.). 

360®. 

600®. 

800®. 

XOOO® K. 

AGff 

32 

67-5 

91 

115*5 

AG' . . . 

- 1*9 

— ifi 

~I4*5 

- 18 

AG® . . . 

20-1 

564 

76*5 

97*5 


3 . The Standard Free Energy of Formatloh of Foran and 
Tetrahydrofuran. 

The formation of furan and tetrahydrofuran from aliphatic compounds 
is e}q>ressed by equations (4) and (5): 

CH,CH,OCH,CH, + 2CH,CH = CHCH, -- 




+ 2C.H, + C,H„ (4) 


CH,CH,OCHiCH, + CH,CH,CH,CH, = 




+ 2C,H, 


. (5) 
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The standard free energy change in these reactions is given by 
AG' = — 13*9 — 20-1. io“»r 
AG' = 6-4 - i8-i. io-*r, 
and the derived values in Table XIV. 

TABLE XIV.— The Standard Free Energy of Formation of 
Furan and Tetrahydrofuran 


Standard 

Free 

Energy 

(kcal.). 

Furan. 

Tetrahydrofuran. 

300®, 

600®. 

800®. 

1000®. 

300®. 

600®. 

800®. 

1000® K. 

AG» 

24 

41 

51*5 

635 

— 16 

20 

43*5 

66*5 

AG' 

— 20 

— 26 

~30 

-34 

1*0 

- 4-5 

-8.1 

-II -7 

AG* 

4 

15 

21*5 

295 

-150 

15*5 

35*4 

54-8 


No experimental values are available for comparison. 

Summary. 

The standard free energies of formation of aliphatic organic compounds 
may be expressed as the sum of contributions assigned to characteristic groupings. 
A similar summation is not valid for cyclic compounds because of the large 
entropy changes involved in their formation from aliphatic compounds. A simple 
procedure is adopted to allow of their estimation. Where possible a comparison 
is made between free energies calculated from group values and those determined 
experimentally. 

Imperial Chemical Industries Ltd,, 

Billingham Division, 

Co. Durham. 


GENERAL THEORY OF THE STATIC 
DIELECTRIC CONSTANT. 

By H. Frohlich. 

Received i^th February, 1947. 

Introduction. 

In the present paper a formula for the static dielectric constant c will 
be derived which holds in a very general way for any type of substance. 
Following Lorentz ^ a spherical region is selected which is large com¬ 
pared with a region just large enough to have the same dielectric pro¬ 
perties as a macroscopic specimen. This region is then treated according 
to the rules of classical statistical mechanics, considering the rest of the 
specimen as a continuous medium. The method used for this purpose is 
a generalised (and slightly simplified) version of the method applied by 
Kirkwood * to the case of dipolar liquids. The resulting value for c in 
general depends on the structure of the material. Both Onsager's • and 

1 Lorentz, Theory of Electrons (Leipzig, 1909), p. 117. 

* * Kirkwood, J, them. Physics, 1939, 7, 911. 

• Onsager, J. Amer. Chem. Soc., 1936, 58, i486. 
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Clausius-Mossotti's * formuls are, however, contained in the general 
formula as limiting cases. 


General Theory. 

Let a homogeneous electric field E be maintained by outside sources 
in a dielectric medium with dielectric constant c. Within this dielectric 
consider a spherical region of volume V which is large compared with a 
region just big enough to have the same dielectric properties as a macro¬ 
scopic specimen. This region consists of a great number of elementary 
charges which will be treated according to the rules of classical statistical 
mechanics, whereas the rest of the specimen will be treated macroscopically 
as a continuous medium. Let be the displacement of the charge from 
the position it holds in the lowest energy state of the whole region. Then, 
excluding substances with permanent polarisation, 

M(X) = 2; e7. 

% 

is the electric dipole moment of the region for a given set of displacements 

X = (n. f,, . . . n, . . . ). 

In the absence of an external field the potential energy of the whole 
region (normalised to zero for vanishing displacements) is composed of 
(i) the interaction between the particles inside the region, depending on 
X only, and (ii) their interaction with the surroundings which depends on 
X as well as on the macroscopic dielectric constant c which alone describes 
the properties of these surroundings. Let W(X, c) denote the sum of both 

these contributions. Apply now an electric field E —^which is constant 
outside the spherical region—^without altering the set of displacements,* 

X, Then, as has been shown by Onsager,* the electric field inside the 

—>• 

spherical region is increased by a homogeneous field G, 




3 « 


2 e I 


The total potential energy of the spherical region is thus 


(X) 


W(X, c) - M(X)G. 

Therefore 

Ms = ^M(X) cos Be 

is the average electric moment of the spherical region in the field direction, 

if e is the angle between M and E» and dX denotes integration over all 
displacements. This expression can be developed into a power series in 
G, The first term vanishes because it represents the average electric 
moment of the specimen in the absence of a field. For moderate fields, 
only the next term need be considered. Thus 


Ms== cos* 9 M*{X)e-nx,*)lhTdX . . (2) 

where i// = [e-W{X,9)lhT^ , . , . (3) 

* cf. Debye, Polare Molekeln (Leipzig, 1929), p. 3. 

* This does not mean, of course, that a field does not influence the average 
displacements; it does so by altering the probability of finding a given set of 
displacements. 
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Now average over all possible directiofos of the esctmial fields Le. 
replace cos* $ by Since c is defbaed by 


Mg = *-^EV. 

4ir 

a comparison with (2) using (i) then gives 

, _ 4"’ 3« at* 

* ~ ^ “ TiT+l ■ 

where M* =• J^M*(X)e-W(Z^)ik!F^ 


• ( 4 ) 
. ( 5 ) 


Assume now the spherical region to be composed of N unit cells, each of 

which makes the same contribution to M*. Thus if in{X/) is the contri- 

bution of the^-th cell to M(X), and represents the displacements of all 
elementary charges in this cell, 

M{X) = 2 m{x,), 

i=i 

M‘(X) = 2 tn[xi)M{X), 
and, therefore, in view of (5) 


N 


r 


M‘ ==' 2 .tn(x)M(X), = Nm(x)M{X) = Nj\m(x)M(X)e:-^iZ.»l^'r^. (6) 

i-l J 


Here the suffix j has been dropped in fn(Xf) because each unit cell makes the 
same contribution, so that x may represent the set of displacements of any 
selected unit cell. 

The integration will now first be carried out over the whole region 
except the one selected unit cell which for convenience sake will be taken 
at the centre of the sphere. The volume element for this integration 
will be denoted by leaving the integration dx over the central unit 
cell. Then, according to (6), 


M* = N ^fn(x)fn*(x)p(x)dx = Nm(x)m*(x), . . (7) 


where 


m*(x) = ^M{X)e-mz,,)lhTiX'l ^e-mx.>)ll^dX' 


( 8 ) 


and p[x) = 

Thus inserting from {7) into (4), 


where 


. 3« tn(x)m*(x)^^ 

No = N/V 


( 9 ) 


. ( 10 ) 


is the number of unit cells per unit volume. Here fn{x) is the electric 
moment of the unit cell for a ^ven set {x) of displacements of its elementary 

charges, fn*{x) according to (8) is the average moment of a spherical region 
of volume V inside the macroscopic specimen if the set x of displacements 

of a unit^cell at ^e centre (leading to m{x)) is supposed to persist for a 
long time» p{x) is the probability of finding the displacements on an 
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average over all possible states of the surroundings, outside the unit cell, 
-»• ->■ -> 

and m(x)m*(x) is the average value of in(x)m*(x) over all possible dis¬ 
placements X in the unit cell. 


Discussion of Special Cases. 


The general expression (10) for the dielectric constant c can be applied 

to various special cases. For crystals m m*, and hence c, must depend on 
the structure, and no further general development can be given. In 
certain limiting cases, however, c becomes independent of structure and 
either Onsager*s ■ or Clausius-Mossotti*s * formula may be obtained. 

In the case of solids and liquids it is useful to separate ofE the electronic 
contributions n* to € (which are known from the optical refractive index n) 
by treating them on a macroscopical basis. The spherical region then 
consists of charges which follow the laws of statistical mechanics, and 
which are embedded in a continuous medium with dielectric constant «*. 
As before, the rest of the specimen will be treated macroscopically as a 
continuous substance with dielectric constant c. On application of an 
external field without changing the configuration X of the charges 
the field inside the sphere is now increased by * 


G' = 


3 « 


2 c -}- n* 


(II) 


instead of by G (eqn. (i)). Also, the average electric moment of the 
charges is now given by 




VE 


Eqn. (10) will, therefore, be replaced by 


(12) 


c — n* = 


fn(x)m*(x) 


2t + n* 3 


kT 


(13) 


Investigate now the assumptions that have to be made to derive 
from (13) either Onsager's or Clausius-Mossotti's formula. In both cases 
it must be assumed that 

(i) there is no interaction between unit cells except the electrostatic 
interaction between the electric moments. This excludes, therefore, any 
short range force though such a force always exists. To permit this re¬ 
quires temperatures T for which 

kT > short-range interaction . . . (14) 

If this is fulfilled then a second assumption may be justified, namely 

(ii) the spherical region can be reduced to one unit cell which will be 
assumed to be spherical. Actually this implies that this region has the 
same dielectric properties as a. macroscopic specimen. Though this can 
hardly be accurate ♦ the deviations of the correct interaction energy from 
the calculated one should be small compared to kT if T is sufficiently 
large. Thus from (ii), 


tn(x) = m*(x) .... (15) 

Two cases can now be distinguished. 

Case A.—^The unit cell contains one molecule with a permanent dipole 

of moment n whose energy is independent of its direction. Then x repre¬ 
sents the angles of rotation of this dipole, and ^ 

m{x) = f* .... (16) 


** cf. ref. * for an estimate of the deviations in the case of a simple model. 
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is a constant. W(x, c)» too, is a constant, and hence with eqn« (15), 


m{x)in^(x) == ft} 

which if inserted into (13) leads to Onsager*s formula. It should be noted 
that ft is different from the dipole moment /a, of a molecule in the gas phase. 
Onsager's formula would demand 


which is the dipole moment of a sphere of a continuous dielectric with a 
dielectric constant «•. having a dipole fi at its centre. 

Case B.—^The unit cell contains no permanent dipole. The only dis¬ 
placeable charge e is bound elastically to the centre. Thus X represents 

the displacement r of this charge. The dipole moment is given by 


^ fn(r)=er. .(17) 

and the elastic energy by 

c*r*/2 = 

where c* is the force constant. The interaction energy with the surround¬ 
ings (part (ii) of W{x, c)) is given by f 

.... (18) 


where * 


2 c — w* m(r) 4Tr 
2€ -{- w* V 3 


is the reaction field, first introduced by Onsager.* In Case A term (i8) 
is irrelevant because m(X) is constant. Taking m as independent variable, 


»’(«. •) - - i'"” - g 

and with (15) 


w*(2c + w*) 3FJ ' 






4^T 


2 L2e^ n*(2€ -h n*) 3FJ 

Introducing this expression into (13) yields 

- XT 3 * € — »• 

« - 4- n«L2? ~ «»(2€ 4- w») TfJ ’ 


or using NqV = i, 


-f 

t — n* 


47r 

€ -f 2n* 3 F w*c* 


• (19) 


which for w = I is Clausius-Mossotti's formula. 

An improved formula due to Kirkwood ■ can be obtained for Case A 
by dropping both assumptions (i) and (ii), but keeping eqn. (16). This 
implies Asides w — ft that 

m*(x) =: fi* .... {20) 


too is a constant independent of X, but in general /i* ♦ ft in view of short- 
range interaction. From (16) and (20), 


tn(x)m*(x) = ftft* 

which if inserted into (13) gives Kirkwood's formula. It should hold 


t -ffM? is the energy of a dipole w in field R ; +iwi? is the energy required 
to polax^ the surroundmgs. 

* FrOhlich and Sack, Proc. Roy. Soc. A, 1944, 182, 388. 
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quite generally for dipolar liquids, or even in solids in a temperature range 
in which there is no long-range order. In an ordered state, however, 
this formula is no longer valid. In this case, excluding permanent polarisa¬ 
tion, the unit cell must contain more than one dipole because in the lowest 
energy state the total dipole moment of the unit cell must vanish. 

Suppose there are z -j- i possible arrangements of the dipoles of the 

unit cell each leading to a moment of the unit cell, a moment of the 
spherical region, and having a probability Then from (13) 


c 


3€ 4iriSro 
2e 4- n* ^kT 


f* 




. ( 21 ) 


Let the first excited state, i = i, have a finite energy difference from the 
ground state, if T = o. Then for T = o, = o, and also = o if 
t > o. Thus € — «• = o. Therefore at T = o, either c = w*, or the 
solid becomes permanently polarised. 


Summary. 

A general formula for the static dielectric constant is derived by an ex¬ 
tension of the methods employed by Lorentz and by Kirkwood. This formula 
holds in a very general way for any substance. It contains formulae due to 
Onsager, Clausius-Mossotti and others, as limiting cases, subject to certain 
specified conditions. 


KINETIC STUDIES IN THE SOLVENTS ACETIC 
ACID AND ACETIC ANHYDRIDE. 

PART III.—THE THIELE ACETYLATION OF 
BENZOQUINONE AND TOLUQUINONE 
(THEORETICAL). 

By H. a. E. Mackenzie and E. R. S. Winter. 

Received ^th March, 1947. 

The Overall Rate Expressions. 

The experimental study of the perchloric acid-catalysed acetylation 
of benzoquinone and toluquinone ^ presents certain salient features which 
immediately provide an insight into the mechanism of the reaction. 
These suggest that the rate-determining process in the acetylation involves 
the reaction between the neutral quinone molecule and an acidic ion, the 
latter being the effective catalyst for the reaction. The main problem 
has been to characterise the acid ion catalyst involved, or, alternately, 
to determine the relationship between the reaction rate and the acidity 
of the solution. The most useful correlation found is between the acidity 
function of the solution and the specific reaction rate, although even th^ 
does not account fully for the experimental facts. 

It is known * that, over the concentration range used here, HCIO4 
is completely ionised in acetic acid, and that the proton probably exists 
in the solvated form AcOH,+. If it is assumed that, in mixtures of acetic 
acid and acetic anhydride, the only acid ionic species is AcOHt*^, then, 
such solutions of perchloric acid, Cacohs')* will be equal to the stoichiometric 

^ Mackenzie and Winter, Trans. Faraday Soc., 1948, 44, p. 159. 

• Mackenzie and Winter, ibid., p. 171^. 
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concentration of HQO4 added. The rate-detennining process in the 
Thiele acetylation may then be postulated as 

Jt 

Q 4- AcOH,+-► products, 

from which, the rate of reaction would be given by 



k , Cq, ^AoOHg+ 


/q ■ /acOHi-*- 


where /x+ is a kinetic activity factor, or, from the viewpoint of the transition 
state theory, the activity coefficient of the activated complex. 

But, since ^acohi'^ * /aoohi+ ~ ^h+» 

— dfn - fq 

Experimentally, A,. Cq = ~ ^ 

and therefore = A . aH+ . 

/x+ 

Now the acidity function of the medium with respect to a neutral base is 
defined as 

Hence, if, and only if, it is assumed that the activity coefficient of the 
activated complex bears a ratio to that of the quinone which is affected 
by the medium in the same way as the ratio /bh+//b for any base, 


log K = log A — Ho- 

Experimentally it has been shown that the plots of log A, against 
for both benzoquinone and toluquinone are linear, and therefore in quali¬ 
tative agreement with the above equation in solutions containing up to 
about 80 % v/v. acetic anhydride. But the fundamental assumption by 
which the relationship is deduced also implies that these plots should be 
parallel and of slope — i*o, and difier only in their intercepts on the log A, 
axis. This,is contrary to the experimental facts, since the slopes are 
— 0*99 and — 1-20 for benzoquinone and toluquinone respectively. In 
addition, the above mechanism fails to account for the deviation of the 
plots from linearity at concentrations of acetic anhydride above 80 % v/v. 

Alternative mechanisms, which postulate initially an equilibrium of 
the type 

Q + AcOHa+ ^QH+ + AcOH, 
or Q 4- ACgOH+ ^ QH+ 4- AcjO, 

or both, followed by a rate-determining first-order reaction of the QH+ 
ion, lead again to expressions which are in disagreement with our ob¬ 
servations, and provide no explanation of the mode of formation of the 
reaction products. 

Evidence of the existence of the acetyl ion in solutions of HCIO4 in 
acetic acid-acetic anhydride mixtures has already been put forward,* 
and the above discrepancy is attributed to the falseness of the assumption 
that the AcOHa+ or Ac,OH+ ions are the only acid ion species in such 
solutions. The recognition of the acetyl ion as a distinct acidic species 
is necessary before a reasonable interpretation of the facts is possible. 

It is known * that, in mixtures of acetic acid and acetic anhydride, 
ideal behaviour is found in solutions containing up to about 80 % w/w, 
acetic anhydride, provided it is accepted that acetic acid exists as the 
dimer. The following equilibria 


AcOH,+ 4- AcO- ^ (AcOH), ^ aAcOH 
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may therefore be regarded as favouring the presence of the sp^ies (AcOH), 
to such an extent that the acetic acid is almost quantitatively present 
in this form. It may also be accepted that low concentrations of per¬ 
chloric acid ionise completely in such a medium, according to the equation 

HCIO4 4- AcOH = AcOH,+ + C104~. 

We propose the following additional equilibrium, whereby the acetyl 
ion is formed in appreciable amount when the concentration of acetic 
anhydride is high enough : 

K 

AcOHj+ -f AcjO Ac+ 4- (AcOH),. 

(We have as yet no means of ^rectly investigating this equilibrium.) 
If X is the stoichiometric fraction of the added HCIO4 converted to acetyl 
ions, then the thermodynamic equilibrium constant, K, is given by 

X = •/aoOH,^- « <^AC,0 

X . /ao+ . ^(acoh), 

and = - 

K . a(AoOH)i • /AC+ 4 - ^AOgO • /aoOH,+ 

Under those conditions where the equilibrium has not proceeded markedly 
to the right, i.e., where 

A . n(AeoH), • /ac+ ^ ®Ac,o • /acoh,+» 


it is therefore possible to write : 


and 


«A0+ 


^AO,0 ■ /acOH|+ » ^HOlOt 

AT . a(AcoH), 

^(AC 0 H,+) = /acOH,+ • 


where Chcioi is the stoichiometric concentration of perchloric acid added. 

The following mechanism is then proposed for the acetylation of benzo- 
quinone and toluquinone : 

(R— represents H— or CH ,—) : 



Reactions (i) and (2) are assumed to proceed simultaneously and togethe#* 
to constitute the rate-determining process. Reaction (3) is introduced 


* Strictly, this should probably be regarded as a redox equilibrium; the 
subsequent argument is not affected. 
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in order to allow for an explanation of the products formed by the reaction 
(cp. later). 

O 


If the quinone 



is not measured by the iodometric 


method used for following the reaction, then the apparent net rate of 
disappearance of quinone from the solution will be given by 


— dCQ ki * Uq , , 2^1 . Aq , gAcOHa*** 

6^ /*!+ /*2+ 


where the ;r*s represent the activated complexes of reactions (i) and (2). 

O 


If, however, the quinone 



is measured by the iodometric 


method, an apparent first-order disappearance of the quinone would result 
only if the reactions 

O 



were of rate negligible compared with the rates of (i) and (2). In this 
case, the net rate of disappearance of quinone would be given approxi¬ 
mately by 

— dcq ^ k^, Oq, aj^ c+ , Uq. aAcoHt-*- 
6^ /x2+ 


and appreciable concentrations of the quinone 



be built up during the course of the reaction. Since this quinone could 
not be isolated from the reaction mixture, the former assumption is 
favoured, and the rate of disappearance of quinone expressed by the 
equation 


— __ • ^Ae+ , 2^,. aq . aAcoHt'** 

+ _ . 


Hence, 


d< 

/*1+ 

— dco 


-- Cq 4 Cuoioi 
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Sizice mixtuz^s of acetic anhydride and acetic acid behave ideally* when 
the concentration of the former is less than about 80 % w/w, it appem 
reasonable to assume here that and /(4eOB)t ^ equal to unity 
over the same concentration range, and write 



Cq . Ch010« 


/ /q I /q 

\K , C(AeOB)M /xj+ /x2+ 




Aooa$+ • 


Experimentally, 


— dc, 
d/ 


s = A,. 


and hence, 


= ^HOlOi 


,/_^L 

n*:. 


» ^AcgO /q , 2^2 »/q 


^(AcOH)t /xi+ ^ /x 2 + 


»}/. 


AcOHa**-* 


If it is assumed that, for the small concentrations of quinone and per¬ 
chloric acid used in the experimental work, /q = i, and /AcoHa+» /*!+ 

/x2+ are all affected by the solvent composition in the same way, so that 
the ratios /AcOHt+//*i+ a.nd /AooHa+//*2+ sire constants, a and p say, then 
the equation reduces to the form : 


K 


= ^HOlOi 


0^1 » ^AcaO 
A’. C(AcOH)a 


+ 2/5 . 


This, in turn, becomes : 


(i) A, = a . CAofO 4- b, when only the Ac^O concentration is varied, 
(2) = u 7 ^((AcoH)t + b' when the (AcOH), concentration only is varied, 

and (3) = a ", ^Jhoio 4 when only the HCIO4 concentration is varied. 

a, b, a', 6', and a" are all constants; such relationships have been found 
experimentally.^ The fact that the experimental results obtained with 
the aid of CCI4 may be used to predict those obtained in its absence (ref. i. 
Table IV), which indicates an absence of medium effect, lends some measure 
of support to the assumptions made regarding the constancy of activity 
coefficient ratios, over the range of experimental studies. 

It is to be noted that the final form of the theoretical rate expression 
given above is not the same as the experimental equations ((7) and (8) 
of Part II). It has been found that the theoretical expression, with 
numerical coefficients calculated from any two sets of experimental results 
in Table IV of Part II will fit the observations for each quinone nearly as 
well as the empirical equations, and this agreement between theory and 
observation is satisfactory. However in the case of toluquinone the 
constant 2 pkt is found to be — 0-45, which implies a negative activity 
coefficient. The theory given above is therefore an oversimplification, 
but the matter cannot be pursued further until more experimental in¬ 
formation is available. 

If the above mechanism !s indeed correct, and the assumption that 
acetyl ions are present in acetic anhydride-acetic acid solutions of per¬ 
chloric acid is justified, then the interpretation of indicator ratios in such 
solutions is complex. A basic indicator may be expected to react thus: 


B + AcOH,+ BH+ -f AcOH 
B 4 - Ac+ ^ BAc+. 

Presumably the measured conjugate acid ion concentration will be repre¬ 
sented by (cbh+ + (it has been found, for example, that ** acetyl 

perchlorate" causes 2 :6-dimethoxy quinone to chan^ colour in the 
same way as 4 o hydrogen ions *), so that an experimentally determined 
indicator ratio will be represented by Cb/(<Jbh+ + ^bao+)‘ It is then no 
longer possible to deduce any simple relationship between an acidity 
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function, expressed in terms of this indicator ratio, and the specific re¬ 
action rate of an acid-catalysed reaction. The experimentally observed 
linear relationship between log for benzoquinone and tolnquinone and 
the apparent values is considered to be merely an approximation due 
to the low acetyl ion concentration in the solutions for wMch the relation¬ 
ship holds. In solutions of high ^JaciO and therefore high eJAo+ the linear 
relationship ceases to apply. 


The Nature of the Reaction Products. 

In order to account for the nature of the acetylated products, it is 
necessary to discuss the mechanism of the reaction in some detail. 

(A) ^nzoquinone.—Benzoquinone may be regarded as a resonance 
hybrid of the following structures : 


O O- 



The initial and rate-determining reaction is considered as an attack by 
an acidic ion on the 0-atom of the quinone, thus : 


(I) 


or 



OH 



+ AcOH 



OAc 



followed by rapid reaction with acetic anhydride, f thus : 
OH OH 



t Since the Thiele reaction does not occur in absence of AC| 0 . 
will, of course, be subject to the equilibrium 




O ^ Ar+ 


The Ac+ ion 
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(I) may be oxidised by unchanged qninone, thus : 

O OH OH O 



but (II) cannot undergo such a reaction. 

The quinone (IV) may be represented as a hybrid of the following reson¬ 
ating structures : 



O O 



W {e) 


The structures (i) and {c) would be expected to constitute only a small 
fraction of the resonance hybrid, since the electron-attracting properties 
of the —OAc group would tend to oppose the accumulation of a negative 
charge on the oxygen at the opposite end of the conjugated system. Thus, 
acetylation of the quinone (IV) would proceed predominantly as follows : 



The subsequent reaction with acetic a|jhydride. 



would be expected to give rise to (V) rather than (VI), since the —OAc 
group at position 2 would hinder sterically the reaction at position 3. 

Hence, the acetylation of benzoquinone would in general, be expected 
to give rise to those products formed by complete acetylation of (I), (III) 
and (V), viz., hydroquin one diacetate, 1:2: 4-triacetoxy benzene and 
1:2:4: 5-tetra-acetoxy benzene. 

In a mixture of low acetic acid content, the acid would be present 
mainly as acetyl ions, and the amount of (I) formed would therefore be 
small. Hence the product would be largely 1:2: 4-triacetoxy benzene. 
In reaction mixtures of comparable acetic acid and acetic anhydride 
contents, and therefore of comparable Ac+ and AcOH,+ concentrations,* 
all products would be expected. The theory therefore accounts for the 
formation of the products obtained in practice, ‘ and the agreement affords 
further evidence in support of the existence of acetyl ions. 

9 
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Toluquinone.— Here isomeric products inay ^ 


cn, 


(I) 


V 




OH 


CHs« 


(2) 


4. AcOH/ • 


4-Ac+ ■ 


etc. + (Ac,0) 


CHss 


CHa 


CHj 


OH 


OAc 


O 

OH 


CHas 


CHj^ 


y etc. 

:)H 

0 

y etc. 
OAc 


OH 



(VII). 


CHa 


CHa 


OH 
OH 

CH.sl / 


lAc 


.OAc 


CHa- 


AcO/ 


4-Ac+ 


V' etc. + {Ac^O) 


(IX) +(Ac^) 


OH 

OAc 


OH 

OAc 


OAc 


etc. -f (AcaO) ■ 


CHa 


CHa 


CH; 


X. 


CHj. 


(X). 


Ad 


:0/^ 


(XI) + Ac^ 


W 

OH 


1+ etc. -1- (ACaO) ■ 




/OAc 


(XII) + Ac* 




H. A. E. MACKENZIE AND E. R. S. WINTER 251 


(4) (Assuming that attack takes place at the 0 -atom adjacent to the 
acetoxy group.) 

0 O 


CH, 



Ac 


AcOHJ^ 

or- > 

Ac+ 



etc. 


O 


CII3V . w yOAc 



CH3 

AtC 

CH. 


0 

O 


O 

O 


OAc 

Oil (or Ac) 
OH (or Ac) 

AcOH,+ ‘ 

I or —V 

Ac * 


0 

O 


or 

Ac+ 


(5) 


')+ 

■'OAc 

)H (or Ac) 
OH (or Ac) 


(11. 


AcO-" 


CH 


A. 


-I (Ac/)) - 


OH (or Ac) 
OH 




CIL OAc 



(XVII) fAC^ 

OAc 

OH (or Ac) 

OH (or Ac) OH (or Ac) 


-f(Ac 30 )-~-v YT (XVIII), 
.^OAc 


CH3>^ y^^OAc 


O 

o 


CH, 


Ac< 



•f (Ac/O- 


OH 


AcC 


/(/■ 

OH 


+ Ac^ 


Oil 


(XIX). -f- Ai + 


OH (or Ac) 


OH (or Ac) 


Because of steric hindrance the amounts of (XVI) and (XVII) formed 
would be expected to be small, so that, in general, the acetylation of tolu- 
quinone would give rise chiefly to the five products formed by complete 
acetylation of (X), (XI), (XII), (XIII), and (XIX), viz., the three isomeric 
triacctoxy toluenes, toluhydroquinone diacetate and 1:2:4:5-tetra- 
acetoxy toluene. 

In a reaction mixture of low acetic acid content, and therefore high 
acetyl ion concentration, the amounts of (VII), (VIII) and (IX) formed would 
be small. Hence the products would be the three triacetoxy toluenes. 
In reaction media of comparable acetic acid and acetic anhydride content, 
all the products would be expected. Although all the products were ncrtl 
isolated and characterised, the results obtained ^ are in complete agree¬ 
ment with the theory. 

Further support of the theory advanced is to be found in the quali¬ 
tative work on acetyl perchlorate*'. The high acidity of the solution 
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which results from the reaction between acetyl chloride and AgClO* in 
acetic anhydride is direct evidence of the high acidity of the acetyl ion. 
The fact that the Thiele acetylation of benzoquinone proceeds in such a 
solution with a normal yield of the product expected from the above theory, 
confirms that the acetyl ion is capable of acting as a catalyst for the 
reaction. 

The theory advanced accounts for the observed kinetics in solutions 
containing up to about 8o % v/v. acetic anhydride. Lack of agreement 
in solutions containing higher concentrations of acetic anhydride is attri¬ 
buted to the following causes, (i) The acetic acid dimer becomes appreci¬ 
ably dissociated into the monomer, and (2) hence, and because of the 
high Ac *0 concentration and low acetic acid content, the equilibrium, 

AcOH|+ -|- ACaO ^ Ac+ -4- (AcOH),, 

is displaced to the right to such an extent that the assumption made that 
K . a{AcOH)a. /ac+ > <*ActO ♦ /AcOHa+ is no longer valid, and the mineral 
acid is present nearly entirely as acetyl ions. 


The Energy of Activation. 


The activation energy of the acetylation reaction in solutions containing 
up to about 80 % v/v. acetic anhydride is constant for both benzoquinone 
(14*4 kcal./g. mol.) and toluquinone (13-6 kcal./g. mol.). As the acetic 
anhydride content is increased above 80 % v/v., the activation energy 
decreases rapidly. These facts may be interpreted in the following way: 

If the equation 


= ^HCIO* 


« ^ACaO _ _ 

K . C(AcOH)a /xj+ /xj 




•/q 


/acoh8 + 


is taken to represent the experimental specific reaction rate in solutions 
containing up to 80 % v/v. acetic anhydride, it may be re-written 


== ^HOlOi 


.{ 


• ^ACaO /q 
K' . C(AcOH)a /xt+ 


where the equations. 


E r _•E'8 


• e-“^i/®^, ^2 — ^'2 • and K — K'. e eirt^ 


are taken to represent the effects of temperature on the specific reaction 
rates and and on the equilibrium constant, K. The plot of log 
against i/T would thus be linear only if (- E, + ii) = - i.e. 
E -f Eg = and the fact that such plots are linear in practice suggests 

that this equality is closely approximated. This is not unreasonable, 
since Ej is associated with the reaction between quinone and acetyl ions, 
and E, and E are associated respectively with the reaction between quinone 
and AcOH 8+ ions and the reaction by which AcOHg+ ions are converted 
to acetyl ions. 

In solutions containing more than 80 % v/v. of acetic anhydride, the 
reaction becomes largely that due to catalysis by acetyl ions, so that, in 
the limiting case, the specific reaction rate would be given by 

• /ac+# 

or, kg — CH0104 . k\ . e 


Hence the change in measured activation energy as the acetic anhydride 
content of the solutions is increased above 80 % v/v., may be interpreted 
theoretically as a change from E* to Eg. Unfortunately the limiting case 
is experimentally unattainable using HCIO4, owing to the water which 
must be introduced into the system with the perchloric acid, and the value 
of El cannot be obtained by extrapolation with any degree of accuracy. 
The experimental results suggest, however, that Ei is about 8000 cal./g. mol. 
for both ♦benzoquinone and toluquinone, which in turn gives a value for 
E of about — 6000 cal./g. mol. 
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Summary. 

The acid-catalysed acetylation of benzoquinone and toluquinoune may not 
be interpreted in terms of a simple theory involving the acidity function as a 
measure of acidity. Instead, the equilibrium, AcOH*++Ac,Ov*Ac+-h(AcOH)| 
is postulated to exist in solutions of perchloric acid in acetic acid-acetic anhydride 
mixtures, and on this assumption it is possible to account precisely for the 
observed kinetics of the acetylation reactions and for the nature of the products 
of acetylation, and to account qualitatively for the observed changes in activation 
energy. 

Imperial College of Science and Technology, 

South Kensington, 

London, S.IF.7. 


A CELL FOR THE MEASUREMENT OF DIFFUSION 
IN AQUEOUS SOLUTION. 

By J. C. Gage. 

Received iSth April, 1947. 

The sintered-glass cell of Northrop and Anson ^ is the type of apparatus 
most commonly used for the measurement of diffusion coefficients. The 
technique has been elaborated by McBain and Liu * and others and is 
stated to give results of high reproducibility, but the period is the order of 
24 hr. for a molecule of the size of glucose. This length of time proved to 
be a serious source of error when the solutions under investigation sup¬ 
ported microbiological growth, resulting in partial blockage of the mem¬ 
brane. The cell described here is simple to construct and operate and is 
compact and economical of material. It employs filter-paper in place of 
the sintered-glass disc and a diffusion period of from 2 to 3 hr. only is 
required for glucose. 

In the figure the apparatus is shown in vertical section. It consists 
of a cylindrical cell turned out of a solid Perspex block; A is the 
cavity, approximately 7 cc. capacity, which contains the solution under 
investigation ; B is the filter-paper membrane clamped in position by 
means of a Perspex ring C attached by four Tufnol studs D. E is an 
air-cavity which enables the cell to float when inverted in the solvent. 

To operate the cell it is filled to overflowing with the solution and two 
layers of filter paper lowered on, care being taken to avoid the inclusion 
of air bubbles. After a few min., the filter-paper is clamped down by 
the Perspex ring and studs. It is then inverted and floated in the solution 
used to fill the cell; it should be properly trimmed so that it floats hori¬ 
zontally, and then placed in an incubator to reach the required temperaturq^ 
The cell is then removed and after removal of the surplus solution, it is 

^ Northrop, and Anson, /. Gen, Physiol, 1928, la, 543. 

* McBain and Liu, /. Amer. Chem. Soc., 1931, 53, 59. For further reference 
to experimental methods see Williams and Cady, Chem, Rev,, 1934, * 4 * 

9 * 
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MEASUREMENT OF DIFFUSION 


transferred to a 11. beaker containing water or the aqueous solution used 
as a solvent. If the density of the solution is less than that of the aqueous 
solvent the cell may be adapted by eliminating the air cavity and floating 

^ the cell, membrane upper¬ 
most, on mercury in a i 1. 
beaker. The primary dif¬ 
fusion which is required for 
the sintered-glass cell is not 
necessary here, nor has it 
been found advantageous to 
remove dissolved air from 
the liquids before use. The 
cell is allowed to stand un¬ 
disturbed until sufficient 
diffusate has left the cell to 
enable an accurate estimate 
of the decrease in concentra¬ 
tion to be made; as the 
volume of liquid surrounding 
the cell is very much greater 
than that of the cell contents, 
the concentration of diffusate 
in the former does not ap¬ 
preciably rise above zero. 
The cell is removed and the 
surplus solvent mopped off the membrane with small pieces of filter-paper ; 
the contents are sampled either by sliding off the filter paper or by 



Fig. I. 


TABLE I. 


Cell. 

(Logi«) KCl. 

^Log ~ ^ Glucose. 

Ratio. 

D Glucose A io«. 

A 

0-4360 

0-1602 

0367 

7-05 


0*3533 

0-1257 

0-355 

6-82 

B 

0-4067 

0*1525 

0-375 

’J -20 


0-3279 

0-II94 

0-364 

6-99 

C 

0-3906 

0-1257 

0-343 

6-59 


0-3054 

0*1050 

0-343 

6-59 


TABLE II. 


Cell. 

(Log‘J)Ka. 

(Log Sulpha- 

guanidine. 

Ratio, 

D Sulphaguanidtne 
X xo». 

A 

0-2361 

0-1057 

0*444 

8-53 


0-2304 

O-IOI8 

0-442 

8-48 

B 

0-2623 

OII53 

0-440 

8-45 


0-2497 

0-1091 

0*437 

8-39 

C 

0-2500 

o-ioo8 

0*403 

7-74 


0*2469 

0*1087 

0*440 

8-45 


puncturing it. The ratio of the original concentration of the solution 
to tha# obtained after diffusion is determined by a suitable analytical 
method. 
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In this cell, as in all others of this type, the diffusion coefficients are 
calculated with reference to a substance whose coefficient is known. Two 
procedures are available here; the most convenient is to include the 
reference compound in the solution under investigation, and anal3rse the 
contents of the cell for both components after the diffusion period has 
elapsed. Thus the coefficient of glucose and sulphaguanidine have been 
measured using KCl as the reference diffusate. This procedure is only 
possible if there is no interaction between the two components; alterna¬ 
tively, the filter-paper membrane may be standardised with the reference 
compound, washed and used 
again for the measurement. 

Table III shows that two con¬ 
secutive diffusion experiments 
using glucose with the same 
filter-paper membrane show good 
reproducibility. 

Whatman 5 2 paper is preferred 
in this cell; other grades have 
been used with success, but the 
hardened paper is more robust 
and will resist caustic alkalis. 

Two layers are used to minimise 

the effect of any faults present; the variations of log — in Tables I and 

c 

II are in part due to the variability of filter papers from the same batch. 

Calculation of Results.—Pick's law may be written 


TABLE III. 


Cell. 

Coaoentratioii after Diffusion (mg. %). 

zst Experiment. 

and Experiment. 

A 

130 

132 

B 

129 

131*5 

C 

13b 

135*5 


d5 

di 




dc 

dx* 


where ds/d/ is the rate of passage of the diffusate per unit area and dc/dx 
is the concentration gradient across the membrane, assumed linear. The 
diffusion coefficient D may be regarded as a constant at low concentrations, 
hence 


where c is the concentration in the cell, the concentration difference 
acro^ the membrane, and ^ is a cell constant. Since the concentration 
outside the cell does not appreciably rise above zero, 

^ — kDc or log— kDt, 


where c® equals the initial concentration in the cell. If two compounds 
with diffusion coefficients D' and Z)*' are initially present at concentrations 

c' and Co, and their concentrations at end of time / are c' and c"', then 


i.e. independent of L 



Results. 


(y Glucose.—A solution containing o*oi mole 1.-^ of glucose and 0-05 mole 
of KCl was placed in the cell and diffusion allowed to proceed for 3 hr. at 25° c. 
Glucose was estimated by the Hoffman colorimetric method • with slight modi¬ 
fications, and KCl by titration with n./ioo AgNO, using dibromofluorescdn 

• Hoffman, J, Biol Chem., 1937, 5 *» 120. 
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as an absorption indicator. The mean value of the diffusion coefficient from the 
6 expt. in Table I is 6*87 x io-« cm.'/sec. with a standard error of o*i X io~*. 
This is in good agreement with the value 6*78 x io~* cm.*/sec. extrapolated to 
zero concentration obtained by Friedman and Carpenter * with the McBain cell. 

( 2 ) Sulphaguanidine.—Table II shows the results obtained with a solution 
of 0 00033 niole 1 ."^ of sulphaguanidine and 0*05 mole 1 .“^ of KCl in 0 01 M. 
phosphate buffer adjusted to pH 7*5. Diffusion was continued for 3 hr. into 
the same phosphate buffer at 25° c. and the sulphaguanidine was estimated 
colorimetrically after diazotisation and coupling with N-jS-sulphato-ethyl-m- 
toluidine. The mean diffusion coefficient from 6 expt. is 8*34 X lo" ® cm.*/sec. 
with a standard error of 0*12 X lo”®, this agrees weU with the value 
8*10 X 10-® found in this laboratory with the McBain cell. In calculating the 
above results the value of 1*92 X io“® cm.*/sec. at 25° c. was taken for the 
diffusion coefficient of KCl.® 


Discussion. 

It is evident from Tables I and II that there is an appreciable scatter 
in the results of individual experiments. This variation may in part be 
due to the lack of rigidity of the membrane, or to some extent be ascribed 
to errors which are inherent in the analytical methods used at these low 
concentrations. The precision does not compare favourably with that 
claimed by McBain and Liu for their technique ; the simplicity and rapidity 
of the method, however, permit a larger number of repeat experiments to 
be made if a higher degree of precision is required. 

Both glucose and sulphaguanidine are unionised under the experi¬ 
mental conditions and therefore not subject to errors arising from diffusion 
potentials nor from preferential adsorption of ions on the membrane. 
When the diffusion of ions is measured, adsorption on the membrane may 
be a considerable source of error; the sintered-glass cell is also subject to 
this criticism. 


Summary. 

A diffusion cell is described which is simple to construct and operate ; it 
uses filter-paper as the diffusion membrane and yields results in less than one- 
tenth the time required by the sintered-glass cells of McBain and Liu. The 
diffusion coefficients of glucose and sulphaguanidine obtained with this cell are 
in good agreement with the results obtained with the sintered glass-cell. The 
standard error of the mean of 6 experiments is about 1*5 %. 

/.C./. Ltd., 

Research Laboratories, 

Hexagon House, 

Manchester. 

* Friedman, and Carpenter, /. Amer. Chem. Soc., 1939, 61, 1745. 

® McBain and Daw'son, Proc. Roy. Soc, A, 1935, 168, 32. 


THE APPLICATION OF THE DIFFERENTIAL 
ANALYSER TO A PROBLEM IN CHEMICAL 
KINETICS. 

By a. M. Wood, J. Crank and G. H. Twigg 
Received i^th March, 1947 

In studying the kinetics of a chemical reaction, when the differential 
equations expressing the rates of reaction in terms of the pressures or 
concenti^tions of the reactants have been formulated, it is usually necessary 
to compare solutions'of these equations with experimental results, in 
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order to verify the proposed kinetics. It frequently happens, particularly 
where consecutive reactions are involved, that the differential equations 
have no formal solution, or none convenient for numerical evaluation. 
It then becomes necessary to obtain graphical or numerical solutions for 
particular cases. A convenient way of obtaining such solutions is by 
means of the Bush Differential Analyser *» • and the present paper will 
describe the application of this machine to a typical problem, namely the 
catalytic oxidation of 0 , 11 4. It is thought that an account of this work 
may be of particular interest as this appears to be the first application of 
the differential analyser to a problem in chemical kinetics. 

The experiments ♦ were carried out in a closed reaction system, analyses 
were made at different times and the composition was expressed as partial 
pressures of the gases present. The main products of reaction between 
C,H4 and O* on a Ag catalyst are ethylene oxide, CO* and H* 0 . The 
oxidation proceeds through the adsorption on the catalyst of oxygen as 
atoms, followed by reaction of the other components with this oxygen. 
The CO* and H *0 arise in part directly from C*H4 via short-lived 
intermediates, and in part from ethylene oxide which is isomerised to 
acetaldehyde, this in turn being rapidly oxidised. These conclusions 
were reached by examining separately the individual steps in the reaction, 
and the kinetic order of one of these steps, the production of CO* from 
CjH*, was determined. It remained to synthesise these conclusions and 
verify them by applying them to the overall reaction starting with ethylene 
and oxygen. 

The Equations. 

The equations were derived as follows. In the adsorption of oxygen, 
since the molecule is dissociated into atoms, the rate of adsorption is 
plausibly assumed proportional to the oxygen pressure p^, and to the 
square of the free space on the catalyst, and the rate of desorption pro¬ 
portional to the square of the fraction B of the surface covered with oxygen. 
This is represented by the equation 

^ A,p,(i - - A\e* . . . (I) 

where yf©, A \ are constants. Expected orders of magnitude suggest that 
(AqPq — A\)B^ will be small so that (i) may be written approximately 

= A,p,(i - 20 ) . . . . (la) 

In order to simplify the calculations and also because only 6 integrating 
units of the differential analyser were available when this work was carried 
out, the approximate eqn. (la) was used. It is thought that while this 
may make some difference to the absolute values of B found, the shape of 
the curves will be little affected. 

The reaction of C*!!* can take place in two ways, A CjH* molecule 
can react either with a single adsorbed oxygen atom to form ethylene 
oxide, or with a pair of oxygen atoms to form intermediate products wl^ch 
are rapidly oxidised to CO, and H, 0 . Thus the rate of production of 
ethylene oxide should be proportional to the ethylene pressure Pi and to 
the first power of adsorbed oxygen concentration 6 : the rate of production 
of CO, by this route should be proportional to the C*!!* pressure and to th^^ 

1 Bush, /. Frank, Inst., 1931, 213 , 447. 

* Hartree, Math. Gazette, 1938, 32 , 342. 

* Crank, The Differential Analyser (Ix)ngmans, Green, in press). 

*Twigg, Trans. Faraday Soc., 1946, 4 ^*» 284; Proc. Roy. Soc, A, 1946, 188, 
92, 105, 123. 
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square of the absorbed oxygen concentration. The net rate of reaction 
of C,H4 is thus given by 

. . . . ( 2 ) 

The oxidation of ethylene oxide is controlled by the rate of isomerisation 
to acetaldehyde, and the rate of this step should be proportional to the 
ethylene oxide pressure and independent of the adsorbed oxygen con¬ 
centration. Thus the net rate of disappearance of ethylene oxide should 
be 

—AAipid . . . • ( 3 ) 

These three equations, together with the two expressing the conserva¬ 
tion of carbon and oxygen in the system, 

A = A + />£ + i/>s.(4) 

■Fo — ^0 + iPi 4 " ipi + — ^0), . . • (5) 

are sufficient to define the system. Ai, A 2, Bi are constants and P,, 
Pot Gfi are the values of pi, po 0 respectively at zero time, is the partial 
pressure of CO, and R is the quantity of Og, measured as a pressure 
in the reaction system, which would be adsorbed when ^ = i. 

Transformation of the Equations.—It is convenient to eliminate p2 
from (4) and (5) giving 

Po 3F1 ~ pQ 3 Pi — 2 p» + P(^ — ^0) • • (^) 

On dividing through each of the above equations by Po (the approxi¬ 
mate eqn. la is used) and integrating formally, the equations become, 

- logpo = A t{t- 2JfldO,.(7) 

-logp.= .(8) 

— Pt — Ai^ptdt — Ai^piPdt, . , . • ( 9 ) 

= #>. - 3ft - Ip. + #(« - «.). . • (10) 

where po = Po/Po, Pi = Pi/Pq, etc. 

The eqn. (7)-(10) are in a form suitable for solution by the differential 
analyser. 

The Differential Analyser.—Several accounts of the differential ana¬ 
lyser have already been written.^* *• * Only a brief statement is needed 
here to explain the significance of the set-up diagram in Fig. i. 

A differential analyser consists of a number of units interconnected by 
a system of shafts and gears, which can be assembled in many different 
ways. A set-up diagram (e.g. Fig. i) shows how the units are intercon¬ 
nected for a given equation, each unit being represented by a S5rmbol 
indicating the operation performed by the unit (e.g. integration, addition). 
When the appropriate connections have been made the machine will draw 
out graphic^ solutions, or numerical results may be obtained from revolu¬ 
tion counters. 

The Machine Set-up. —^The machine set-up for eqn. (7)-(io) is shown 
schematically in Fig. i with gears and scale factors omitted. The notation 
is thought to be self-explanatory. Six integrators are used and the con¬ 
stants A\i, Ai, etc., are introduced as gear ratios. 

Initial conditions for the solution of the equations are supplied to the 
machine in the form of initial displacements of the integrator units; 
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when this has been done, the rotation by the motor, of the shaft representing 
drives the rest of the machine so as to evaluate the solution of these 
equations from these initial conditions. There are no data to be supplied 
so that no input tables are necessary and the solution proceeds automati¬ 
cally. In the present example initial conditions at f » 0 are, 

/>o = I, Pi = (given), p, = 0. 

The initial value of $, i.e. 6 q is not known however. The procedure adopted 
is to take a trial value of 6 q and to run the machine solution for a few min. 
of experimental time. It is found that 6 readily settles down to an almost 
constant value. Now in the experimental work subsidiary experiments 
were made, preceding the main one, to prepare the catalyst surface and 
ensure that 0 should have attained this roughly constant value before the 
data giving the experimental p — t curves were obtained. In a parallel 


Ai + Bid 
6 

Po 

Pi 

Pi 

A,ipidi\t 
jpid dt 
A,!p^dt 
jp,dt 
log Pi 
log Po 
/ + 2^8 dt 

2 !ddt 

t 



Fig. I.— 'Machine set-up for equations. 


manner, therefore, in the machine solutions the values of P at f = i, 2, 3 
given by the trial solution starting from an arbitrarily chosen P®. are 
extrapolated back, assuming second-differences constant, to give a new 
estimate of P at f = 0. This is used as the starting value of P for the 
solution proper. The machincf can then be made to draw out / re¬ 
lations on the output tables, or tabulated results may be obtained from 
counter readings. 

Solutions.—The problem from the point of view of the differential 
analyser is first to choose by trial and error a set of constants A^^, A i, etc. 
such that, for a chosen pair of values of Pj, Po, the p 4 curves obtained 
by solution of the equations agree with the corresponding experimental 
curves. Having successfully chosen constants which produce agreement 
between theory and experiment in one case, the second task for the machine 
is to obtain solutions for other combinations of Pj, Po. so that the agreed 
ment between these and the experimental curves may be examined. 

The constants were determined by fitting the calculated curves to the 
experimental data for the case of an initial mixture of 20 mm. C1H4 and 
60 mm. 0 *, i.e. P^ « 20, Po» 60. Approfdmate values of the constants 


260 APPLICATION OF DIFFERENTIAL ANALYSER 

may be obtained by assuming ^ to be constant throughout the reaction, 
in which case a formal solution of the equations is easily obtained. By 
comparing p-t curves from this formal solution with experimental curves, 
approximate values of - 4 o(i — 2^), and A% may be deduced. 

B is not directly observable, but a reasonable estimate can be made so that 
estimates of Aq, Ai, Bi and A^ are obtained, which serve as a useful guide 
in starting the trial and error process of fitting by the differential analyser. 

TABLE I* 



Ai X 10*. 

Bi X 10*. 

AtX ro*. 


fio. 

I 

15-625 

20*000 

4*000 

7-8125 

0*316 

2 

15-625 

21*429 

4*000 

4*000 

0*255 

3 

13-333 

16*667 

4*000 

4*000 

0*273 

4 

15-625 

20*000 

5*000 

4*000 

0*255 

5 

11*667 

12*500 

4*000 

4*000 

0*209 

6 

11*333 

8-333 

4*000 

4*000 

0-313 


The various combinations of constants tried are listed in Table I, together 
with the corresponding values of Bq. 

The best fit was obtained with the third set of constants and these were 
chosen as the best estimates of Ao, Ai, etc. The curves for this case are 
shown as the full lines of Fig. 2 and 3. It will be seen that in Fig. 2 the 
fit is very good except towards the end of the reaction, when the experiments 
may be at fault; in Fig, 3, for which the experimental data should be 



identical with that of Fig. 2, there is a better fit for the latter part of the 
reaction. The fact that such a good fit is obtainable is in itself considerable 
support for the kinetics postulated. 

Using the constants so determined, solutions were obtained for other 

* The constants A^, A^, A^ are obtained as gear ratios and are exact 
fractions, e.g. 11*667 = 35/3, 21*429 ~ 150/7, etc. 

t Ficm 2>4.—Experimental points and machine solutions (full curves) for % 
C1H4 remaining (o), or transformed to ethylene oxide (x), or to CO, 
C^culated surface oxygen concentration (dott^ curves). 
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mitial pressures of CtH4 and Ot. Space does not permit showing all the 
graphs obtained 4 but one of these is shown in Fig. 4 where Pi = 40, 
Po «= The agreement with experiment was in all cases good, and 
provided ample proof of the kinetics as set out in the above equations. 



Fig. 3.t 

It is probable that by taking all the series of experiments into account, 
a slightly better choice of velocity constants could be made, which would 
give an even better fit. It should be emphasised, however, that in only 
one case was theory fitted to experiment so that the rest of the work must 


Fig. 4.t 

be regarded as a prediction of the results for any desired combination ^pf 
Po and Pj. In the figures the broken lines show the variation of B with 
time. 

A useful feature of the difierential analyser is that onqe it has been 
t See, however, Proc, Roy, Soc^ A, 1946, 188, 123. 
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set up to solve a given equation, or set of equations, a large number of 
solutions corresponding to difEerent initial conditions may be readily 
obtained. In the present problem it was possible to evaluate machine 
solutions for very high and very low initial CjH4/Ot ratios, which ate par¬ 
ticularly valuable as such cases cannot easily be ob^rved experimentally. 

The authors desire to thank Professor Sir J. E. Lennard-Jones for 
placing the difierential analyser at their disposal. 

Summary. 

The differential equations expressing the behaviour of chemical reactions 
often have solutions not expressible in terms of known functions, and this is 
particularly the case where simultaneous and consecutive reactions are involved. 
In such cases it may be possible to obtain graphical or numerical solutions by 
means of the Bush Differential Analyser and the application of this machine 
to the kinetics of the catalytic oxidation of CjH4 is described. The velocity 
constants of the reactions involved were obtained by a process of trial and error 
in which the machine solutions were fitted to the results of one set of experi¬ 
mental conditions. Using the constants so determined, machine solutions were 
obtained corresponding to other experimental conditions; the agreement of 
these predictions with the experimental results provides adequate proof of the 
correctness of the kinetic equations postulated. 

The Distillers* Co. Ltd., Mathematical Laboratory, 

Epsom, and Dept, of Colloid Science, 

Surrey. Cambridge. 


THE ANODIC BEHAVIOUR OF METALS. 
PART V.—COPPER. 

By A. Hickling and D. Taylor. 

Received 2Sth May, 1947. 

In continuation of the work previously reported,^ the anodic polarisa¬ 
tion of copper has now been investigated by the oscillographic method 
which records the variation of potential with quantity of electricity passed 
prior to oxygen evolution. Attention has been directed primarily in 
the present study to the behaviour in alkaline solution where passivity 
sets in almost at once. No previous work on copper from the present 
standpoint has been published, but other methods of investigation under 
different conditions have yielded some relevant information. In acid 
solutions, copper normally (hssolves on being made anodic but may become 
passive if conditions are such that a fflm of a sparingly soluble salt is formed 
on the surface, this being followed by the pr^uction of a more protective 
oxide film which in general appears to be cuprous oxide although cupric 
oxide is also formed under strongly oxidising conditions.* Muller * 
investigated the anodic behaviour of copper in very concentrated NaOH 
solutions, in which cupric oxide and hydroxide are appreciably soluble, 
and suggested that several processes occurred consecutively as follows : 
(a) dissolution to give cuprous ions, (h) formation of a film of cuprous 
oxide, (c) dissolution to give cupric ions, (d) formation of a film of cupric 
oxide, and (e) oxidation to a higher oxide (CutOg) which was unstable and 

^Hickling, Trans. Faraday Soc., 1945, 41, 333; 1946, 42, 518; Hickling 
and Spic«, ibid., 1947, 43, 762 ; Hickling and Taylor, ibid, (in press), 

* Hedges, /. Chem. Soc., 1926, 1533 ; 1929, 1028 ; 1930, 566. 

* Z. Elektrochem., 1907, 13, 133. 
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decomposed to give oxygen and cupric oxide. Numerous investigations 
have been made on the nature of the partially protective films formed 
when a fresh copper surface is exposed to, or heated in, air or oxygen ; * 
the bulk of the evidence seems to indicate that the film primarily formed 
is one of cuprous oxide, although cupric oxide may also be present 
particularly in films formed at high temperatures or by prolonged heating. 


Experimental. 

The electrical circuit and the electrolytic cell employed were fundamentally 
as previously described.' The copper electrodes used were made by plating 
copper from a cyanide bath under standard conditions on to a platinum wire 
electrode of area 0*025 sq. cm. sealed into the end of a glass tube. A fresh 
plating was used for each experiment. Observations have been made mainly 
with NaOH solutions of various concentrations as electrolytes; additional 
experiments have been carried out in a variety of buffer solutions. Except 
where otherwise stated, all experiments were made at 18° c., using air-free solu¬ 
tions in an atmosphere of nitrogen. 

In general the results are shown as photographed oscillograms in which 
the ordinates represent potentials and the abscissae are proportional to quantities 
of electricity passed. Suitable horizontal reference lines at intervals of 0*25 v. 
were photographed immediately after recording the polarisation tracks, so that 
significant potentials can be read directly from the oscillograms. The quantity 
of electricity passed at any stage in the polarisation is computed from the known 
capacity of the condenser used in series with the electrolytic cell and the horizontal 
displacement which is governed by the voltage to which the condenser is charged 
(on the original photographs, before reduction, i v. on the condenser corre¬ 
sponds to an average displacement of about i mm.). Except where otherwise 
stated, a 19*45 condenser was used in series with the cell. All potentials 
quoted are on the hydrogen scale. 


Results 4 

Behaviour in Alkaline Solution. —In Plate I a is shown the characteristic 
oscillogram in N. NaOH for the anodic polarisation of copper at i8® c. with a 
polarising current density (c.d.) of 0*04 amp./sq. cm. ; the spots on the extreme 
left of the photograph indicate the steady hydrogen and oxygen evolution 
potentials at the same c.d. It is seen that a very rapid initial build-up of potential 
is followed by one main step or arrest during which the potential rises slowly 
and ultimately achieves the oxygen evolution value ; this step appears to start 
at about “-0*35 v. but there occurs almost at once a much more definite break 
at “ 0*16 V. The track was unaffected by stirring or by anodic prepolarisation 
and was very satisfactorily reproducible. In Plate I b. are shown the anodic 
tracks at three different c.d's. of o*o8, 0*04, and 0*02 amp./sq. cm. severally, 
the oscillograms being marked i, 2 and 3, in order of decreasing c.d.; the polar¬ 
isation track has the same characteristic form at each c.d., but the step becomes 
slightly extended as the c.d. decreases. In Plate I c are shown the anodic tracks 
with a c.d. of 0*04 amp./sq. cm. at temperatures of 18, 30 and 40*^ c., the tracks 
being marked i, 2 and 3 ; it is seen that rise of temperature has a considerable 
effect, there being shown a definite short initial step at ca. —0*32 v. followed by 
a long arrest at ca. — o-iov., and with the quantity of electricity passed in 
these oscillograms the potential does not rise further. Plate I d showrs both the 
anodic and cathodic polarisation tracks for copper in n. NaOH with a c.d. of 
0*04 amp./sq. cm. at 18° c. ; the cathodic track shows two definite steps, the 
total quantity of electricity represented by these being slightly less than that 
passed in the arrest in the anodic track. 

* Pilling and Bedworth, /. Inst. Metals, 1923, 39, 529; Ind. Eng. Ghent., 
19^5, 171 372 ; Hinshelwood, Proc. Roy. Soc., A, 1923, loa , 318 ; Evans, /. Ghent. 
Soc., 1925, 2491; Vernon, ibid., 1926, 2273; Constable, Proc. Roy. Soc., A, 
1927, 115, 570; Feitknecht, Z. Elektrochem., 1929, 35, 142; Thomson, I^c. 
Roy. Soc., A, 1930, 138 , 654 ; Darbyshire, Trans. Faraday Soc., 1931, 37, 675 ; 
Murison, Phil. Mag., i934» * 7 » 9^; Preston and Bircumshaw, ibid., 1935. 3K), 
706 ; Van Cleave and Rideal, Trans. Faraday Soc., 1937, 33, 635 ; Winterbottom, 
Nature, 1937, 3^4; Miley, J. Amer. Ghent. Soc., 1937, 59, 2626; Campbell 

and Thomas, Trans. Electrochem. Soc., I939i 303. 
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The concentration of NaOH in the electrolyte was found to have an appreciable 
influence on the tracks. In Plate I b are shown the anodic and cathodic tracks 
in 5 N. NaOH with a c.d. of 0*04 amp./sq. cm.; it is to be noted that under the 
conditions of the experiment the copj^r never becomes completely passive on 
anodic polarisation but the potential remains at the value corresponding to the 
main break in the ordinary track ; the cathodic track is fairly normal. 'With 
decreasing concentration of NaOH the step in the anodic track became shorter ; 
this is shown in Plate I f, in which tracks obtained with a c.d. of 0*04 amp./sq. cm. 
using as electrolytes i*o, 0*5 and 0*3 n. NaOH are shown, numbered i, 2 and 3 
in order of decreasing concentration. In Plate II g are shown the anodic and 
cathodic tracks at ©♦04 amp./sq. cm. in o-i n. NaOH. The anodic step here 
begins at about — o*29V., and is much shorter than in n, NaOH, the potential 
rising approximately linearly with quantity of electricity passed up to the 
oxygen evolution value ; the track is so steep that it is difficult to distinguish 
any breaks subsequent to the beginning of the step, but by working with a smaller 
series condenser (so spreading out the track considerably) it became apparent 
that, as in n. NaOH, the onset of the step at —0*29 v. is followed almost at once 
by a break at a rather more positive potential of about —0*07 v. The cathodic 
track in o*i n. NaOH again shows two definite steps which correspond to a 
total quantity of electricity approximately the same as that passed during the 
anodic arrest. In o*i n. NaOH, variation of c.d. and temperature had rela¬ 
tively little influence on the polarisation tracks. 

The influence of various anions in alkaline solution was ascertained by using 
N. NaOH electrolytes which had been made 0-05 m. with respect to the sodium 
salts of various acids. Where the anions introduced were such that their dis¬ 
charge was unlikely, and where they had no substantial solvent effect on oxides 
of copper, e.g. nitrate, no appreciable influence was apparent. The presence 
of NH4OH in small amounts did not affect the tracks, but when the electrolyte 
was made n. with respect to NH4OH the arrest in the anodic polarisation curve 
was very greatly extended. 

Behaviour in Buffer Solutions. —The effect of decreasing the pu value on 
the anodic behaviour of copper w^as investigated using a variety of buffer and 
acid solutions as electrol5d:es. Except where otherwise stated, a c.d. of 0*04 
amp./sq. cm. and standard conditions were used throughout these experiments. 
In Plate II h are shown the anodic and cathodic tracks in n. Na2C05 (approx. 
Ph 12) ; the anodic track shows a long and approximately linear step beginning 
at about — 0*25 v., while the cathodic track is much less sharply defined than in 
the NaOH electrolytes and indicates one fairly definite step followed by a gradual 
decrease of potential to the hydrogen evolution value. In o*i n. Na2B40, 
(approx, pn 9*2) the behaviour was somewhat similar as shown in Plate Hi; 
the anodic track shows a long approximately linear step beginning at about 
o V., while the cathodic track shows two poorly defined steps and a gradual 
decrease of potential to the hydrogen evolution value. Plate II j shows the 
anodic and cathodic tracks in 0 2 M. KH2PO4 + 0*2 m. Na2HP04 (approx. pH 
6-8) ; the anodic track again shows a long approximately linear step beginning 
at about o v., while the cathodic track shows one definite step. In yet more 
acid solutions, the oscillograms indicated that the sole anodic process was dis¬ 
solution of copper and the corresponding cathodic process the discharge of 
copper ions. A typical example is shown in Plate II k, which gives the anodic 
and cathodic tracks in n. H2SO4. 

Measurement of the Oxide Potentials of Copper. —The electromotive be¬ 
haviour of copper oxides in sodium hydroxide solutions was very thoroughly 
investigated by Allmand.® The values found in n. NaOH were : 

CU-CU2O — 0*340, CugO-CuO — 0*154, Cu20-Cu(0H)2 — 0*076 V. 

The system CujO-CuO initially gave more positive potentials, varying according 
to the mode of preparation and treatment of the cupric oxide, but approached 
the value quoted on ageing ; the system Cu-CuO was found to be unstable in 
alkaline solution. In the present work measurements have been made to the 
nearest centivolt on similar relevant oxide systems in n. and o*i n. NaOH and 
in some of the buffer solutions used for the oscillographic study; a saturated 
calomel electrode was used as reference electrode and the values quoted may 
include small liquid junction potential differences which are, however, also 
present in the potentials read from the oscillograms. Powdered Cu was pre- 

«/. Chem, Soc., 1909, 95, 2151 ; 1910, 97, 603 ; see also Maddison, Trans. 
Faraday Soc., 1926, 32, 27. 
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pared by precipitation from CUSO4 solution with Zn dust, CujO by reduction of 
an alkaline tartrate solution of CuSO^ with cane sugar, CuO by ignition of 
CulNOj),, and crystalline Cu(OH)j by Becquerel's method.* The two com¬ 
ponents of each system were shaken up with a quantity of the boiled-out 
electrolyte, a short platinum wire electrode immersed in the sludge formed, and 
the potential set up in an atmosphere of nitrogen measured against a saturated 
calomel electrode using a valve potentiometer to avoid any current being taken 
from the system. The following steady values were obtained : 


Electrolyte. 

Cu-CujO. 

CugO'CuO. 

Cu* 0 -Cu( 0 H)i. 

N. NaOH . 

-0-34 v. 

— o*l6 V. 

— 0’o6 V. 

01 N. NaOH 

—0*28 

— 0*04 

— 

N. Na^COg 

— 0*14 

-l-0*02 

— 

01 N. Na2B407 . 

+0-13 

+ 0-22 

— 


Measurement of the True Area of the Copper Electrode. —To obtain an 
idea of the ratio, accessible area/apparent area, for the copper electrode used 
the method of Bowden and Rideal ’ was employed in which the double layer 
capacity of the metal when used as a cathode in acid solution is measured and 
compared with that of mercury for which the accessible area may be assumed 
to be the same as the apparent area. Using the A.c. method previously described,* 
the minimum capacity of the copper electrode in n. H2SO4 immediately prior 
to hydrogen evolution wras found to be 76*8 /iF. /apparent sq. cm., while that of 
mercury measured under the same conditions was found to be 12*0 /^F./sq. cm. 
From these values it would appear that the true area of the copper electrode is 
about 6*4 times its apparent area. 

Discussion. 

In N. NaOH, copper gives a characteristic anodic polarisation track 
under standard conditions (Plate I a) which consists of (i) a very rapid 
rise of potential which is barely recorded by the photographic plates and 
which, by analogy with the previous metals studied,^ probably corre¬ 
sponds to the charging of a double layer, and (2) a long step, in which the 
potential rises slowly, passing ultimately into oxygen evolution. This 
step begins at — 0-35 v., and the track almost at once undergoes an 
abrupt change of slope at — o*i6v. ; the reversible potentials of the 
systems Cu-CujO and CujO-CuO in the same solution were found to be 
— 0*34 V. and — 0*16 v. respectively. It is difl&cult, therefore, to resist 
the conclusion that the onset of the step corresponds to the formation of 
cuprous oxide on the copper surface and this is almost at once oxidised 
to cupric oxide. The quantity of electricity passed in the step can be 
estimated approximately from the oscillograms and at 18'’ c. with a polar¬ 
ising c.d. of 0*04 amp./sq, cm. it is found to be about 24,900 microcoulombs 
per apparent sq. cm. of copper surface; this is sufficient to liberate ap¬ 
proximately 78 X 10^* atoms of oxygen. Taking the specific gravity of 
copper as 8-93, the diameter of the copper atom may be calculated to 
be approximately 2-3 x io“* cm., and hence there would be about 1-9 x 10^* 
atoms of metal per true sq. cm., or 12-3 x 10'* atoms of metal per ap¬ 
parent sq. cm. at a copper surface, assuming the measured value of 6*4 
for the ratio accessible area/apparent area to be correct. Thus the ratio 
of atoms of 0 /atoms of Cu in the step is 6*3, which suggests that if the 
step corresponds to the formation of a film of CuO, as the potentials in¬ 
dicate, the quantity of electricity is sufficient to provide for such a film 
some 6-7 molecules thick. Such a considerable initial thickness would 
suggest that the film has only relatively poor protective powers, and this 
is in harmony with the well-known fact that cupric oxide is appreciably 

« Compt. rend., 1852, 34, 573. ’ Proc. Roy. Soc. A, 1928, lao, 80. 

« Hickling and Taylor, loo. ext}. 
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soluble in NaOH so that some of it is probably dissolved away as it is 
formed. The experiments on the influence of c.d., temperature, and 
alkali concentration are in conformity with this view. Decrease of c.d. 
(Plate I b), which diminishes the rate of oxide formation, appreciably 
lengthens the step in the anodic polarisation track. Increase of tern* 
perature (Plate 1 c) which increases the solubility of the oxide and also 
the diffusion away of any dissolved substance from the anode, lengthens 
the step tremendously; it has also the effect of demonstrating more 
distinctly the breaks which have been attributed to cuprous and cupric 
oxides respectively. Increase of alkali concentration (Plate I e), which 
increases the solubility of cupric oxide, also lengthens the step enormously ; 
the presence of ammonium hydroxide, which dissolves cupric oxide, achieves 
the same result. 

The cathodic track in n. NaOH under standard conditions (Plate I d), 
shows two distinct steps, and it seems reasonable to attribute these to the 
reduction of cupric to cuprous oxide, and to the reduction of cuprous 
oxide to copper respectively. The potentials corresponding to these steps 
are displaced to values rather more negative than the reversible values, 
which suggests that some polarisation is involved in the reduction processes. 
In agreement with this view it was found that the higher the c.d. the more 
negative were the reduction potentials; this is shown in Plate II l, in 
which are the cathodic tracks at o-o8, 0*04, and 0-02 amp./sq. cm. severally 
for a copper electrode in n. NaOH at 18° c. It was also noted that with 
the reversible electrode systems Cu-Cu ,0 and Cu, 0 “CuO in n. NaOH the 
static potentials were displaced in a negative direction by the addition 
of reducing agents such as hydrazine sulphate. It may be observed 
(Plate I d) that in passing from one step to the other, the cathodic polar¬ 
isation track exhibits a characteristic valley and peak effect. If the 
film of cupric oxide on the electrode is several molecules thick this effect 
is perhaps to be expected. It may be supposed that the section of the 
film in contact with the metal is first reduced, the potential then dropping 
to the Cu-Cu ,0 reduction stage ; as the cuprous oxide in contact with 
the electrode is further reduced to copper, the freshly formed metal will 
come into contact with the outer layers of cupric oxide and there will be 
a transient tendency for the more positive Cu, 0 -CuO potential to be re¬ 
stored, this being rapidly checked as reduction proceeds further. The 
total quantity of electricity passed in the cathodic steps is about 18,700 
microcoulombs per apparent sq, cm. of copper surface, and on the same 
assumptions as above this would correspond to the reduction of a film of 
cupric oxide some 4-5 molecules thick. This thus supports the conclusion 
reached above that in n. NaOH some of the cupric oxide goes into solution, 
and indeed after a number of electrolyses sensitive tests showed the presence 
of copper in the electrolyte. In more concentrated NaOH solutions and 
at higher temperatures the amount of cupric oxide going into solution 
is greatly increased, but the amount remaining on the electrode, as shown 
by the cathodic tracks, seems to remain much the same. 

With decreasing concentration of NaOH the step in the anodic track 
becomes shorter (Plate I f) as might be expected since the solubility of 
cupric oxide is less. In o-i n. NaOH at 0*04 amp./sq. cm. and 18® c. 
the step in the anodic track (Plate II g) begins at about — 0*29 v. and 
is followed by a further break at about — 0*07 v. The reversible Cu/Cu ,0 
and Cu, 0 -CuO potentials in o*i n. NaOH were measured as — 0*28 v. and 
— 0*04 v. which are in fair agreement with the oscillogram values and 
suggest that the processes are the same as in n. NaOH, i.e. firstly the forma¬ 
tion of Cu ,0 followed almost at once by its oxidation to CuO. The quan¬ 
tity of electricity passed in the anodic step in o*i n. NaOH is 14,800 
microcoulombs per apparent sq. cm,, which is equivalent to a film of CuO 
slightly leafs than 4 molecules thick. This is less than in n. NaOH, which 
suggests that the film is more stable; in agreement with this, it was found 
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that variation of c.d. and temperature had relatively little influence on 
the oscillogram. The cathodic track again shows two well-defined arrests, 
corresponding to the reduction of cupric to cuprous oxide and of cuprous 
oxide to copper. The total quantity of electricity passed in the cathodic 
steps is 16,300 microcoulombs per apparent sq. cm. corresponding to a 
film of CuO slightly greater than 4 molecules thick. It thus appears that 
no copper goes into solution in o*i n. NaOH; the fact that the cathodic 
arrests indicate a very slightly thicker film than that corresponding to 
the anodic step is probably to be ascribed to some slight growth of the 
film after the oxygen evolution potential has been reached. 

To summarise, therefore, the oscillograms indicate that in solutions of 
NaOH, following the charging-up of a double layer, cuprous oxide is first 
formed at a copper anode but is almost immediately oxidised to cupric 
oxide. When the cupric oxide film has attained sufi6cient thickness as 
substantially to protect the copper surface from further attack, oxygen 
is evolved at the anode. The oxide film is thinnest in 0*1 n. NaOH, and 
the anodic track is here not very dependent upon experimental variables ; 
in more concentrated solutions of NaOH the film is thicker and some copper 
enters the solution, and any factor influencing the solubility of cupric oxide 
greatly affects the anodic track. The cathodic curves indicate a successive 
reduction of cupric oxide first to cuprous oxide and finally to copper. 
It may be noted that in the present case, unlike those previously studied,^ 
it is possible to say definitely from the potentials involved that it is the 
oxide and not the hydroxide of the metal which is formed on anodic 
polarisation. The oscillograms give no indication of any oxide of copper 
higher than cupric oxide being formed before oxygen is first evolved. 

The remarks so far made apply to the behaviour of a copper anode 
in NaOH solutions, and the oscillograms are here very precise and definite 
and permit of what appears to be a quite satisfactory interpretation. 
In the carbonate (Plate II h), borax (Plate II i), and phosphate (Plate 
II j) buffer solutions the behaviour is less clearly defined. In each 
case there is a very long anodic step beginning at approximately — 0*29 v. 
in carbonate, o v. in borax, and o v. in phosphate solution. These 
potentials are all considerably more negative than the reversible values 
for the systems Cu-CujO and CuaO-CuO in these solutions, but are of the 
same order as those found when a copper electrode is immersed in the 
solutions and a few drops of dilute copper sulphate solution added so as 
to give a saturated solution of the sparingly soluble copper salt. It seems 
likely, therefore, that following the charging-up of the double layer, the 
initial anodic process is the dissolution of copper to form a sparingly soluble 
salt. This is probably followed by oxide formation since the cathodic 
tracks do show some indication of oxide reduction steps, although these 
are in all cases shorter than the anodic steps and are not very sharply 
defined, as indeed might be expected if the oxide reduction is accompanied 
by reduction of a copper salt or by discharge of copper ions from the 
solution. Visual experiments^on the polarisation of a large copper anode 
in the buffer solutions tended to confirm these conclusions. In general, 
with a c.d. such that oxygen was evolved, the anode became coated with 
a blue deposit beneath which a black film could usually be detected. In 
an acid electrolyte, in which any copper salt formed was reasonably soluble, 
the small copper anodes never became passive with the small quantity of 
electricity passed in the oscillographic experiments, and the anodic and 
cathodic tracks merely indicated dissolution and deposition of copper 
respectively (Plate II k). 

A consideration of the results obtained in the present work on copp^ 
together with the data obtained in the previous studies on platinum, 
gold, nickel and silver permits some general conclusions to be drawn 
with regard to the anodic behaviour of metals. In all cases the oscillograms 
have demonstrated clearly that before the metal becomes passive and 
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Fifty Years of Progress. The Story of the Oastner-Kellaer Alkali 
Company told to Celebrate the Fiftieth Anniversary of its 
Foundation. Issued by Imperial Chemical Industries, Ltd., 1947. 

The initiation of the Castner-Kellner Alkali Company, its early 
difficulties, and its later triumphs, are excellently told and illustrated in 
this interesting publication. The development of the firm represents 
in many ways the entry of the methods of physical chemistry into chemical 
industry, the old, dirty, and rather haphazard processes of the Leblanc 
industry giving way to the elegant and stream-lined technique of the 
new age. The personalities concerned are sketched and the broad prin¬ 
ciples of their achievements described. The text is essentially a history 
of the development of a firm, the scientific interest being slight, and almost 
confined to the reproduction of the original drawing of the Castner sodium 
process, now quite forgotten, but in its time linked up with the develop¬ 
ment of the aluminium industry. Although all the historical information 
contained in the book is available elsewhere, the part played by the men 
concerned has not, hitherto, been so clearly set out. From any point of 
view, this is an interesting and instructive book. The production is 
excellent. 

J. R. P. 

Journal of the Electrodepositors’ Technical Society, Vol. XXI, 
1945 - 1946 . The Society, at 27 Islington High Street, London, N.i. 
Pp; 297. Price to non-members, 42s. 

In this volume most aspects of contemporary electrodeposition practice 
and related topics are represented and a fair balance is struck between 
the general and the specific. In the course of his Presidential Address, 
Dr. Wemick traces the emergence of electrodeposition as a science rather 
than an art. From the contents of this volume, it is to be inferred that 
the process is far from complete. Present-day knowledge of the mechan¬ 
ism of simple electrode processes is relatively scanty and consequently 
problems, such as the nature of the mechanism of metal deposition from 
complex solutions, are still unsolved. Nevertheless, it is surprising for 
example to find no apparent reference to a measured electrode potential 
within this volume. Fundamental aspects of the subject are not treated 
and it is to be hoped that the reason for this is that they are not regarded 
as coming under the purview of the Society. 

Industrial readers will be particularly interested in the articles con¬ 
cerned with electro-galvanising and electro-tinning and with the require¬ 
ments of the automobile industry. The general reader will be most at¬ 
tracted to two papers on alloy deposition, which further indicate the value 
of this process, two articles on electro-polishing, a review on electro¬ 
plating on to aluminium, and an article on the dyeing of anodised aluminium. 
The excellent catalogue of Defects in Plating Solutions and their 
Remedies should prove valuable to laboratory workers as well as to 
the industrial platers for whom it was intended. 

The Society are to be congratulated on maintaining their high standard 
of presentation. 


J. F. H. 



THE ACTION AND DESIGN OF MECHANICAL 
FILTERS FOR DUST AND SMOKE. 

By E. A. B. Birse and (the late) J. K. Roberts. 

Received 12th November, 1946. 

It is well known ^ that the action of ordinary dust and smoke filters 
is partly due to centrifugal forces, which are set up when the stream of air 
carrying the dust passes round a sharp comer, and partly to the Brownian 
movement of the particles. These are removed when they strike against 
a solid wall to which they adhere. For larger and heavier particles the 
centrifugal action is more important and for very small particles the 
Brownian movement. If the filtering is in the main due to centrifugal 
action, the efficiency of a filter increases as the velocity of the gas passing 
through it increases while, if the filtering is in the main due to Brownian 
movement, the efficiency of filtering diminishes as the gas velocity increases. 

The object of the experiments described in this paper was to attempt 
to throw some light on the action of filters depending on centrifugal action. 
With this purpose in view, model filters of geometrical construction were 
used so that the various factors which affected the efficiency could be 
accurately controlled and measured. 

In order to carry out the experiments it was necessary to devise a 
simple, rapid and accurate method of determining the mass concentration, 
i.e., the mass dispersed per cm.®, of the dust or smoke. The amounts so 
dispersed may in some cases be extremely small. The method of measure¬ 
ment which we shall describe in the next section can be applied to a dust 
or smoke of stearic acid, which was used in the experiments, or of any 
substance which spreads to form a monolayer on water. 


Experimental. 

Measurement of Mass Concentration of Dust. 


A sample of the dust was drawn off by a filter pump or a Hyvac pump and 
sucked through a small dry filter paper clamped bet^^en two circular pieces 
of brass. The particles were caught on the filter paper. The volume V drawn 
off was measured by delivering it from the pump into a calibrated vessel. The 
filter paper was placed in a volume t/j of petrol ether and a volume Vgoi the very 
, dilute solution so formed was spread on the surface of an ordinary Langmuir 
trough as designed by Adam.* With stearic acid films the force-area curve 
rises rapidly when a surface concentration of 2*02 x lo*"* g./cm.* is reached. 
If the film area at which this rise occurred was A, the mass concentration m 
of the smoke was then given by 


m 


2-02 X 



(I) 


In the experiments described in the following sections the mass concentration 
of stearic acid smoke was maintained about i x io'~* g./l. and about 2 1. were 
passed through the filter paper. ^ 

The effectiveness of the filter paper in removing the particles was tested 
filling a litre flask a large number of times with air which was filtered through 
the paper and was originally charged with stearic acid dust. Each time me 


' See, e.g., Freundlich, Colloid and Capillary Chemistry (Methuen, 1922.) 

* Adam, Physics and Chemistry of Suf/ac« (Oxford University I^ess, 1930.) 
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air was left in the flask for 24 hr. so that any dust in it would settle out. Finally, 
after 16 fillings the flask was washed out with petrol ether and the amount of 
stearic acid in it was measured. Knowing the initial concentration in the air 
each time, the fraction that passed through the filter paper could be deduced 
and it was found to be less than 4 x lo”*. 


Construction of the Model Filter. 


The filter used is shown diagrammatically in Fig. la. It consisted of a slit 
S in a metal plate through which the dust laden air entered; S was 0*5 cm. 
long and about 0*05 cm. deep. Its width and its position relative to the base B 
could be varied. The jaws of the slit were carefully ground so that they were 
smooth and straight. Two glass microscope slides A and were arranged 
one on either side of the slit and equidistant from it with their faces parallel 
to the directions of the slit length and depth. They were held parallel to each 
other and perpendicular to B by pressing them at the top and bottom against 
distance pieces held in the metal frame which supported the whole system. By 
using diflerent distance pieces the distance apart of the plates could be varied. 

An important feature of the model was that the stream of air passing through 
S did not impinge directly on the collecting plates. With the plates arranged 
in this way it was thought that their interference with the vortices set up by the 
passage of the gas through the slit would be reduced to a minimum. Vortices 
of this type have been investigated theoretically by von Kdrmdn and Rubach,» 



Dt/si- 

♦ 



7 b pump. To pump. 

Fig. ih. 


and experimentally by Kruge and Schmidtke * who have discussed the applica¬ 
tion of the results to the explanation of the production of slit tones investigated 
by Kohlrausch.® 

The efficiency of filtering by this system was measured as follows. The 
rubber tube (Fig. 16) was closed by a clip and a measured volume of the 
air containing the dust was drawn through a filter paper contained in the holder 
F. The rubber tube R, was then closed by a clip and Rj was opened and a volume 
Fj of the dust laden air was drawn in a measured time t through the container 
C in which the slit and plates were mounted. Rj was then closed and Rj opened 
and a volume F*, approximately equal to V^, of air was drawn through F. The 
mass concentration m of the dust was obtained from the deposit on the filter 
paper using equation (i) with F = F^ + F,. The amount of dust M passing 
into C in the second operation was given by M = wF,. The amount re¬ 
moved by the filter was determined directly by dissolving the deposit on the 
glass plates in a volume of petrol ether, spreading a volume t/,' of the solution 
on the surface of the Langmuir trough, measuring the area A' at which the rapid 
rise in the force-area curve took place and using the equation 

M' = 2-02 X 10-7 .(2) 

The fraction ^ of dust removed was given by 

<l> = MjM*, 

Results. 

The fraction ^ of dust removed is plotted in Fig. 2 and 3 as a function of the 
mean linear velocity U of the air in the slit, which was obtained by dividing the 

^ • Von Kdrmdn and Rubach, Physik. Z, (1912), 13, 49. 

* Kruger and Schmidtke, Ann. Physik. (1919), 60, 701. 

• Kohlrausch, Pogg. Ann., 1881, 13, 545, 
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rate of flotv in cc./sec. by the area of the slit. In the experiments to which 
Fig. 2 refers the plates were 2 mm. apart and results are included for slit widths 
from 0*105 n^®^* to 0*362 mm., while in the experiments to which Fig. 3 refers 
the plates were 5 mm. apart and results are included for slit widths from 0*250 



Fig. 2 . 


to 0*362 mm. It will be seen that in neither case is there any tendency for the 
fraction removed to vary in a regular way with slit width. 

The equation of the curve drawn in each of the two figures is 

^ = ^i(C7/io*)i/i*3.(3) 

where = 5*20 X io~* in Fig. 2 and 2*76 X lo”* in Fig. 3. These curves 



represent the experimental results well except possibly for a tendency for the 
points to fall below the curves at the higher velocities. 

The variation of ^ with the distance apart of the plates L is shown in Fig. 4 
for four different values of U. The points plotted were taken from smooth curves 



like those in Fig. 2 and 3 drawn through the experimental points for L = 2„j, 
7, 12 mm. 

The experimental results for the range of condition tested may be summarised 
as follows. 

(i) The fraction ^ of dust removed by deposition on the plates at a given 
distance apart does not depend on the width of the slit but only on the linear 
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velocity U of the air passing through it. 4 proportional to where n lies 
between i and a and is approximately 1*3. 

(ii) For a given velocity, ^ diminishes as L the distance between the plates, 
increases and the rate of diminution of ^.with increase of L also diminishes a 
L increases. 

Some preliminary experiments were made with circular holes instead of 
slits and a cylindrical tube instead of the two plates. A brass tube 6 mm. in 
diameter was closed at one end by soldering on it a thin circular brass plate of 
the same diameter. The circular hole was drilled in the middle of this plate. 
A glass tube of the same external diameter rested against the outside of the 
brass plate and was held in position by a piece of rubber tubing. The dust¬ 
laden air passed through the hole from the brass tube and the deposition took 
place inside the glass tube. The latter tube was then removed ana the amount 
of the deposit in it measured. Holes of diameter 0*5, i, and 2 mm. were used. 
It was found that here too the fraction of dust deposited depended only on the 
linear velocity U of the air passing through the hole and not on the diameter 
and it was also found to be proportional to f/i/" with n = 1-3. 


Discussion. 


The physical factors which affect the efl&ciency of filtering may be 
discussed qualitatively in terms of the theory of vortex formation of von 
KArmAn and Rubach * who show that there are two groups of vortices of 
opposite sign which move off from the slit in the same direction as the air 
issuing from it. These two groups lie on either side of a plane through the 
length of the slit perpendicular to the base B (Fig. la). We shall denote 
the distance between the two groups by h. Vortices in the two groups are 
detached alternately and not together. 

The amount of dust removed per sec. will be given by an expression 
of the form 

k,mNi(G.L.h) .(4) 

where is a constant for a slit of fixed length, m is the mass concentration 
of the smoke, N is the number of vortices produced per sec. and G the 
strength of each vortex. The amount will depend on L, the distance 
between the plates A and A' (Fig. la), and on h because these determine 
the distance of the vortices from the plates. The amount passing per sec. 
through a slit of width D is given by 

k^mUD, 


where the constant A, is equal to the length of the slit, 
removed is given by 




, M,(G. L. h) 
** UD 


The fraction ^ 
. . ( 5 ) 


A 4 will be constant for a given gas and a dust of given material and given 
particle size. 

The theory of von KArmAn and Rubach and an application of the 
theory of dimensions give the following results as a first approximation. 
If I is the distance between neighbouring vortices in one group, A// = 0*283. 
This is confirmed by experiment. The other relations are 

h az D, . . . . . * (6) 

and h is independent of U. Also 

NozU/D .(7) 

and G oz UD .(8) 

In using these results we shall assume as a first approximation that 
(5) can be written 

^ = A.^f,(G)f,(J:,A) . . . . (9) 
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We assume further that, since f,(G) = o when G =» o, we can put 

U{G) oc Gf* .(lo) 

Using (6), (7), (8) and (10) in (9), it becomes 

^ D) ... . (II) 

The empirical result (i) shows that 4 >oc so that ji. ~ i/i‘3 or approxi» 
mately o*8. 

The variation of ^ with D is then expressed by 


4 * oc 


D) 

2 ) 1.2 


(12) 


i^(L, D) will increase as D increases, because increasing D causes A, the 
distance apart of the two groups of vortices, to increase ; this increase 
brings the group on the same side of the centre line as one of the plates 
nearer to that plate. Now the results given in Fig. 4 show that bringing 
the plates nearer to the vortices increases ^ and it can be inferred that 
bringing the vortices nearer the plate will also increase The general 
shape of the curves in Fig. 4 shows too that for a given plate the efiect due 
to the nearer group of vortices will outweigh that due to the further group. 
Thus the numerator and denominator of the term expressing the variation 
of ^ with D both increase as D increases and the two effects tending to 
cancel each other can make ^ independent, or almost independent, of D 
as found in the experiments. 

We cannot discuss the theory for circular holes in a similar way as the 
theory of the production of vortices in this case has not been examined in 
such detail. 


Application to Design of Practical Filter. 

In constructing a dust filter for practical use it is usually necessary to 
take into account the resistance of the filter to the flow of gas and to com¬ 
bine a high efficiency of dust removal with a low-pressure drop. High 
efficiency of dust removal can be attained by using a high velocity in the 
slit or hole. This, however, results in a relatively large pressure drop 
across the filter and the only practicable method is to use a number of 
larger holes in series. We shall show this by discussing the behaviour of a 
filter with a number of similar stages in series on the basis of the results 
described above. 

the fraction of dust removed at each stage of filtering, is given by 

.(13) 

where K' is a constant and U is the linear velocity in each hole or slit. 
Let us compare two filters in the first of which the slits have the area Ax 
and in the second the area and let us suppose that the volume of gas 
passing through the two filters is the same. We have then 

^x^KAx-^f\ i>x^KAr^h . . . (14) 

where K is constant if the volume rate of flow is constant. The fraction 
of dust transmitted at each stage is i — For a dust in which all the 
particles are the same size the fraction transmitted by the whole filter of 
5 stages is (i — and we shall assume this law as a working h3q>othesis 
for actual dusts. 

Let us first calculate the relative number of stages required to give 

the same filtering efficiency in the two filters, i.e. to make 

(I - = {I - . . . . (15) 

If and Si^i are small, this gives to a first approximation * 
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from (14). The total pressure drop in the first filter is Sjpi and in the second 
where pi is the pressure drop per stage of the first filter and p% that 
of the second filter. Experiments with all the slit filters discussed above 
and with the filters considered later in this section showed that to a rough 
first approximation the pressure drop for a single stage depended only on 
the mean linear velocity of the gas in the hole or slit and not on the area. 
For a given hole the pressure drop was accurately proportional to ( 7 *. 
Thus we can put 






( 17 ) 


Using (16) and (17) we obtain 


Sipi \A^J 


(18) 


Since i fn = o*8, which is less than 2, it can be seen that for a given overall 
efficiency of filtering the total pressure drop is diminished by increasing 
the area of the holes, i.e. by increasing the number of stages. 

The construction of a reasonably compact filter consisting of a large 
number of stages in series, each stage consisting of a slit or hole with plates 
as in Fig. la or a tube for the gas to pass through after leaving the hole, 
would hardly be possible. One way of getting over this difficulty is to 
divert the stream of gas sideways after it has passed through the hole as 
shown in Fig. 5, and a model of this kind has been made. Circular plates 
were used packed one above the other with suitable distance pieces and the 
holes in alternative plates were at the centre so that 
the flow after the gas had passed through the central 
hole should be symmetrical. In this case it was 
found that a deposit of dust was formed at A opposite 
the hole and also that there were complete rings of 
deposit at B and B' some distance (about 3 cm. and 2*5 cm. respectively) 
from the hole and a few mm. wide. The deposit at A consisted of an 
outer ring and a central circular spot. To investigate the behaviour 
quantitatively the arrangement shown in Fig. 5 was used with all the holes 
the same diameter and it was shown that, using the results established 
earlier in this paper, the efiect of altering the size of the holes and the 
number of stages could be calculated and thus much time saved in de¬ 
signing filters of given performance. 



This paper was prepared in 1940 but publication was delayed by the 
authors since they had submitted the substance of it to a Government 
department as a possible contribution to the war effort. Unhappily 
Dr. J. K. Roberts, F.R.S. died in 1943 at an early age. 

One of us (E.A.B.B.) was in receipt of research grants from the Carnegie 
Trust for the Universities of Scotland and expresses his indebtedness. He 
is grateful also to Prof. E. K. Rideal, F.R.S. for helpful criticism and 
advice in the final form of this paper. 


Summary. 

A dust filter has been constructed consisting of a slit, through which the dust¬ 
laden air passes, and of two glass plates set parallel to the direction of flow of 
the air after passing through. The relation between the fraction of dust removed 
and the linear velocity of the air in the slit is determined for slits of various 
widths and for plates at varying distances apart. If the distance between the 
plates is fixed the fraction removed depends only on the linear velocity. The 
results are qualitatively discussed in terms of the theory of vortex formation. 

A method is described by which the mass concentration of a stearic acid 
dust can be easily and accurately measured. The way in which the results ob¬ 
tained can be applied to the design of practical filters is indicated. 

Dept, of Colloid Science, 

The University, 

Cambridge, 




ON THE CAUSE OF THE FRICTIONAL 
DIFFERENCE OF THE WOOL FIBRE. 

By K. Rachel Makinson. 

Received i6th December^ 1946. As amended, i$th May, I 947 « 

It is well known that the wool fibre exhibits unusual frictional pro^rties, 
the coefficient of friction being greater when it is rubbed towards its root 
than when it is rubbed towards its tip. The existence of this frictional 
difference is one cause of the felting of wool. The phenomenon has 
usually been explained as a ratchet effect produced by the overlapping 
scale structure of the cuticle ; Martin,^* * however, has suggested that 
it is due to an asymmetrical molecular field at the surface of the fibre. 
The lack of a mathematical formulation of either theory has made it diffi¬ 
cult to design experiments to decide between them, and while the experi¬ 
ments of Thomson and Speakman * appear to provide conclusive evidence 



5m 


tip of fibre 



\i. U, kj 


Fig. I. —The nature of the contact between the wool fibre and the horn. 

in favour of the ratchet theory, those of Martin and of Lipson and Howard*, 
which appear to disprove it, remain not fully answered. 

In this paper an analysis of the ratchet theory has been made for a 
particular, simple type of experimental arrangement. Measurements 
of the frictional difference with this arrangement lead to results which 
are all explicable by the ratchet theory, while some of them appear to be 
inexplicable in terms of an asymmetrical molecular field. The analysis 
also shows that certain other experimental observations, which have been 
considered by some workers to be incompatible with a ratchet mechanism, 
in fact, result from this mechanism. 

Analysis* —^nsider the initiation of sliding between a wool fibre and a second 
surface, e.g. polished horn, of the form shown in the upper diagram of Fig. i, 
a constant load being applied between the surfaces. This arrangement is similar 
to that used in measuring the coefficients of static friction with a stick-slip 
apparatus.® 

The lower diagram is an idealisation of the upper one. The total load L 
between the surfaces may be assumed to be distributed over contacts of type I 
on the flat face of a scale, and of type II between the steep face of a scale and 
an asperity (or the side of a fissure) on the horn. The average angles of inclination 
of the scale faces to the axis at points of type I and type II respectively are 
$1 and the forces parallel to the axis which are required to initiate motion 

1 W.LR.A. Bull,, 1941, 9, 4. 

* Martin, J, Soc. Dyers Col., 1944, 60, 325. 

* Thomson and Speakman, Nature, 1946, 157, 804. 

* Lipson and Howrard, /. Soc, Dyers Col,, 1946, 6a, 29. 

® Mercer and Makinson (in preparation). 
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with and against the scales respectively are and F^, and the corresponding 
apparent coefficients of static friction are ft| and The angle of friction between 
the surfaces is A 20^ to 40^); A will be assume to be inoepmdent of the load 
but the results obtained are qualitatively unchanged when mis is not true. 

For motion agaixist the scales, since > (ir/a — A), true sliding cannot 
occur at contacts of t3rpe II, and rupture or deformation of the scale or of the 
asperity on the horn must occur; this will require a total force / for all the 
type II contacts ; / will probably not depend much on L, In the initiation of 
with-scale motion, type II contacts may not be present and if they are present 
they contribute little to fq. Hence, if m is the fraction of the tot^ load taken 
by all the type II contacts in against-scale motion, then 

* tan (A + .(i) 

and (i — m) tan (A ~ ^1) + fIL . . . • (2) 

The frictional difference ff == #*1 and the coefficient 5 = (ft, — 

both of which are frequently studied in connection with felting, may be obtain^ 
from these equations. 

The Relation of a and 8 to —^To a first approximation / may be expected 
to be independent of fij. Experimental confirmation of this is given below. 


TABLE I.— ^Values of / for = 5°. 


Conditions. 

pn. 

Load 
(g. wt.). 

Pi. 

Pt- 

/(g. wt.). 

B 

m 0*01. 

Clean 

7 

015 

0*53 

0*95 

0*099 

0*095 

Greasy 

7 

015 

0-31 

0*76 

0*096 

0*095 

Clean 

1 

015 

0-83 

1*11 

0*090 

0*083 

Greasy 

I 

015 

0*37 

0-86 

0*105 

0*102 

Clean 

zo 

015 

0-66 

1*04 

0*097 

0*092 

Greasy 

10 

015 

0*35 

0*72 

0*087 

0*084 

Clean 

II 

015 

0-66 

1*02 

0*095 

0*088 

Greasy 

II 

015 

0*38 

0*82 

0*097 

0095 

♦Clean, A 

7 

017 

0-59 

0*95 

0*103 

0*096 

♦Clean, B 

7 

0*17 

072 

1*04 

0*101 

0*093 

Mean 

— 

— 

— 

— 

0*098 

0*092 

♦Benzoquinone- 







treated, clean 

7 

0*17 

036 

0*88 

0*121 

0*117 


Hence, if A is changed by lubricating the surfaces, or by any other treatment 
which does not change Bx, B^» m or /, then and p, will change in the same sense 
as A, and a and 8 will change in ^e opposite sense, 8 changing relatively more 
than a. This conclusion affords an obvious explanation of the fact, reported 
elsewhere,** * that lubrication of the surfaces, when a wool fibre is rub^d on 
polished horn in the presence of a buffer solution, has been found to produce 
mvariably a marked increase in 8 and usually an increase in cr also (occasionally 
<r showed no significant change). This was true whether the lubricant was grease 
or soap. Since the lubricating layer was sometimes 0*5 microns thick, there is no 
obvious explanation of this result in terms of an asymmetrical molecular field. 
The dependence of a and 8 on f 4 was exactly similar when /i, was changed by 
varying the pB. of the buffer solution. 

Magnitude of /. —^The magnitude of / in eqn. (2) can be calculated from the 
experimental values of fq and ft,, since the result is insensitive to the assumed 
value of m over a reasonable range. Table I shows the result of the calculation 

• Makifison and Mercer, /. Text. Inst, 1946, 37, T180. 

* The wool used in these experiments differed from the other samples in 
showing greater variability of fix and ft, (before treatment with benzoquinone). 
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lor m 0*1 ttnd m » 0*01; the values of ih and were obtained in the experi* 
ments referred to above. For value 5*” has been assumed. Except in the 
case of the benzoquinone-treated surfaces, it is found that / is constant within 
the ej^rimental variation, which was of the order of 6 % for any one deter¬ 
mination. 

It is possible, by making reasonable assumptions as to the strength of the 
scales and the area which will be exposed if rupture occurs, to calculate an ap¬ 
proximate upper limit to the value ot the force required to rupture or deform one 
scale-edge; such a calculation leads to the conclusion that this upper limit 
is of the order of one-half /, which suggests that the total number of type II 
contacts is small. This would be expected, since when one type II contact 
has been made, there is only a small probability that any other asperities will 
be close to a scale-tip. 

To test the interpretation of / as the total force needed to deform or rupture 
the type II contacts, the resistance of the two surfaces to deformation was in¬ 
creased by treating them with boiling benzoquinone solution. The fibres were 
treated for 4 hr. as described by Barr and Speakman,’ so that their resistance 
to extension was increased by 25 % or more ,* the horn, whose surface was ex¬ 
acted to be more reactive than the cuticle of wool, was treated for 15 min. only. 
Table I shows that / was increased about 20 % by this treatment. 

Factors Reducing Frictional Difference. —^The change in a produced 
by changing is comparatively small. If the frictional difference arises 
from a ratchet ^effect it should be po-ssible to reduce a considerably by any 
one of three different methods. These are, firstly, by destroying the 
scale structure of the fibre ; secondly, by replacing the horn by a surface 
which is harder than the fibre and has no asperities of such a shape that 
they can touch the steep face of the scales ; thirdly, by weakening either 
surface so that /is reduced. It is shown below that the frictional difference 
<r has in fact b^n reduced by each method. 

To test the first prediction, a wrool fibre was set into a flat ribbon by 
immersion in boiling water under pressure for 30 min. and subsequent 
cooling under pressure. The scales on the flat surfaces were then barely 
visible under the microscope. While was not significantly changed by 
this treatment, a, measured under greasy conditions in water, was only 
about 0*05, a value which is i/qth of the corresponding normal value. 
To explain this result in terms of an asymmetrical molecular field at the 
surface of the fibre, it would be necessary to postulate disorientation of 
the superficial molecules, wdth a consequent destruction of the asym¬ 
metrical field, in the flattening process. 

To test the second prediction measurements were made of the friction 
of a wool fibre rubbed on a glass rod of average smoothness. Under clean 
conditions at 7. a was only 0*03, or i/i4th of the corresponding value 
for wool on polished horn. Martin,^ who earlier reported the existence of 
a frictional difference for wool on glass, regarded it ais evidence against 
the ratchet theory. His method of detecting the frictional difference was, 
however, extremely sensitive; it can easily be seen that, in theory, with 
his apparatus the same response would be produced by any finite frictional 
difference at all. Hence the method could not detect the large reduction 
in the frictional difference obtained by rubbing wool on glass instead of 
horn. 

The third prediction has already been verified by several experiments 
which have previously been considered to disprove the ratchet theory. 
Treatment of wool with shrink-proofing reagents such as chlorine, reduces 
a without completely destroying the scale structure.'* • Reagents of this 
type attack the disulphide bonds in keratin, and may therefore be expected 
to reduce / and consequently a. Treatment of the horn, instead of the 
fibre, with chlorine also reduces a; * in this case the asperities on the horn 
are attacked, so that the scales can plough through them and agaA / 
is reduced. That the horn surface is degraded by this treatment to a 

' Barr and Speakman, /. Soc. Dyers Co/., 1944, 60, 335, 

• Mercer and Rees, Nature, 194^ 5 S 9 * 
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depth of about 5 microns has been confirmed by birefringence measure¬ 
ments.' The fact that a positive cast, made in gelatin, of a lock of oriented 
wool fibres shows no frictional difference ^ can also be attributed to the 
low value of / for the easily deformable gelatin. 

This work was carried out as part of the programme of the Division 
of Physics of the Council for Scientific and Industrial Research, National 
Standards Laboratory, Sydney. 

The author wishes to acknowledge with thanks the value of discussions 
of this work with Dr. G. H. Briggs, Mr. A. F. A. Harper and Mr. E. H. 
Mercer. 


Summary. 

An analysis has been made of the ratchet theory of the frictional difference 
of the wool fibre, and the theory developed into a semi-quantitative form. The 
theory has been shown to be in agreement with a number of experimental 
observations, some of which are not explicable in terms of an asymmetrical 
molecular field at the surface of the fibre, and some of which were previously 
regarded as disproving the ratchet theory. It therefore appears probable that 
the frictional difference is due to a ratchet effect. 


A NEW “ AVERAGINGMETHOD FOR THE LOCA¬ 
TION OF ATOMIC POSITIONS FROM X-RAY 
DATA. 

By a. D. Booth. 

Received 11th February, 1947. 

In private discussions between Cox, Crowfoot, Robertson and the 
writer, the suggestion emerged that the positions of atomic centres, as 
defined by the maxima of the terminated three-dimensional Fourier series : 

I±?i?±£ r / X V z\ -\ 

p(x,y,z)= —2 2 I U'"Va b U 

’ JST K . —X 

might not always be the best possible. It was contended that the effect 
of high-order terms on the position of the maxima might be considerable, 
and that a better estimate of location could be formed by finding the 
" centre of gravityof a spherical region of electrons in the immediate 
neighbourhc^ of the actual density maximum. Although the author 
did not altogether agree with this contention, and has attempted to evalu¬ 
ate ^ the precise bounds of any finite summation errors, it was interesting 
to consider the possibility of a new type of synthesis which would give, 
directly, the position of the mean atomic centre envisaged above. 

Before giving details of the derivation of the new synthesis it is necessary 
to formulate the problem in a manner suitable for analysis. An equivalent 
statement is the following. 

If a spherical surface is taken, in the unit cell of a crystal, what is the 
position of its centre when the total number of electrons included within that 
surface is a maximum ? 

It is readily shown that this statement agrees with the ordinary de¬ 
finition of atomic position in terms of the maximum of electron density 
in those cases where the electron density distribution is spherically sym¬ 
metrical in the region of this point. 

»Booth, Proc. Roy. Soc. A, 1946, i88» 77. 
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NotatioiL—As in previous papers • the following contracted notation 
will be used: 

H K L 

Z=III 

8 -H -JIC -L 

F = F(A, k, 1 ) 

ct =5= a(A, k, 1) 




In accordance with the statement of the problem, given above, a 
function z^) will be defined to represent the total number of 

electrons included within a spherical surface of radius R and centre 
(^0. .Vo, -sTo).. Then : 

>'0. ■*«) = y. ■»)dF . . . (2) 

where 5 is the volume included within a spherical surface of radius R 
and centre y^, Zq), Using (i) this gives : 

y.. •?«) = -p 21 ^ I is ~ • • (3) 

8 

Transforming to axes {X, V, Z) parallel to (a, 6 , c) and passing through 
y^t <^o) it follows that 

pk{*» yo. ^0) = I ^11 (®» - « + . . (4) 

where tf, = 2w^A^ + 

whence expanding (4) 

3 

The two volume integrals can be evaluated by making use of the relation, 

=5 .... ( 6 ) 

where d is the spacing of the plane (A, A, 1 ) defined in the usual manner, 
and r is the perpendicular distance from (x, y, z) to the plane 


h -f- -j- /- = O. 

a b e 


With this notation, 


^ cos ^ dF j cos fr{R* — r*)dr 

J R f 

(i?* — y*) COS 27 r- . dr 
0 d 

I fR f 

^ sin dV = J sin air^. n(R* — r‘)dr 


Thus, from (5) and (7), 


y«. *a) = p2!l ~ *"5 • W 


• Booth, Trans, Faraday 1946, 52, 444. 
» Booth, ibid,, 1946, ga, 6x7, 
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The integral is easily evaluated to give : 

2 ?rl (JJ* — r*) cos . dl'= —; sin 2ir—— 2W —cos 2 irT . (9) 

J 0 ^ aZTrL. (t d Ct mj 

Whence the series for pj^ may be written : 

Pjt(^o- To. ■S’c) =^2'^ («o — a) . . . (lo) 

3 

where : 

S(= S(A. A, /)) = ^ [sin 2 irj - 2 njCos 2 ff . I F(A. k, l) \ . (ii) 


The form of (lo) is identical with that of the normal series (i), so that 
no new computational technique is needed to operate with it. The values 
of S(A, k, 1) can be computed when F(h, k, 1) (observed) are being obtained, 
as the spacings, d{h, k, 1) have in any case to be evaluated at that stage. 
So long as it is not wished to change the radius of the spherical region, R, 
one determination of the S(/i, k, 1) is sufficient for a complete structure 
analysis. 

The maxima can be found by the differential method * and it can 
be shown, as was done in a previous paper,* that if {x^, z^) is an ap¬ 
proximate position of the maximum, a better value is Vo+V -2^o4-««) 

where : 

4- — oj 

^kh^x 4“ f^kk^v 4- 4“ ~ Or • • ' ( 12 ) 

*+■ 4- “ 0 / 


and 


Ba= — sin (ff, - a) etc. 

8 

•B»= — cos (fi, — a) etc. . 

B»»= - etc. 


( 13 ) 


The modification for assumed spherical symmetry should not be used, 
since it is contrary to the purpose of the present method. 

An exactly similar treatment can be given for the two-dimensional 
synthesis. The interpretation is, in this case, that the projected electron 
density, included within a circle of radius R, and based on the point 
(xq, Vo), is to be a maximum. The integral: 

/j — J ^ (i?* — r*)i cos ^27r^^dr 


has to be evaluated, and it can be shown that 


/a 


R .d 
2 



where Ji is the first-order Bessel function. 

The modified two-dimensional summation is therefore : 


Pn(^o. yt) = 3(®o — «) • • • (14) 


where 


5,(= S,(A, k)) . 1 F(A. A, o) ]. . 


• ( 15 ) 
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The differential synthesis can again be applied to determine the maxima. 
For bne-dimensional summation: 

PjeW=^ZS(A)cos (airA^-a) . . . (16) 

where 

S(A) = ^sin I F(A, o, 0)1 . . . (16) 

X being the range of integration on either side of the central position Xq, 

Physics Department, 

Birkbeck College, 

University of London, 


THE ABSORPTION SPECTRA OF PHENYLATED 
ANTHRACENES. 

By Y. Hirshberg. 

Received igth February, 1947. 

In a previous paper,^ the fluorescence spectra of 8 phenylated anthra¬ 
cenes were determined and compared with that of the parent substance, 
anthracene: 


\/V\X' 

5 10 4 


These data are supplemented in the present paper by the ultraviolet 
absorption spectra of these substances. The spectra of anthracene, of 
9-phenyl-anthracene and of 9 : lo-diphenyl-anthracene have been deter¬ 
mined before ; * the present results coincide in these three cases satis¬ 

factorily with the data recorded by previous investigators. Jones * has 
already explained the close similarity in the spectra of anthracene, 
9-phenyl- and 9 : lo-diphenyl-anthracene by the assumption that the 
tn^so-phenyl-groups are sterically prevented from becoming coplanar with 
the anthracene nucleus so that no resonance phenomena of the t3rpe 
found in the biphenyl molecule are possible. The spectrum of these 
phenylated anthracenes is simply the sum of the spectra of anthracene and 
benzene, that of the latter (2200-2650 a.) being negligible in intensity in 
the region in which the characteristic anthracene bands are located 
(2400-4000 A.). 

It is interesting that 1-phenyl-anthracene and i : 4-diphenyl-anthracene 
show the same phenomenon. Here, the msso-methine groups and the 
hydrogen atoms at C| and C| interfere with a monoplanar arrangement of 

1 Hirshberg and Haskelberg, Trans, Faraday Soc„ 1943, 39 » 45 * The seventh 
curve reproduced in this paper represents 2 :9- (and not 2 : 3-) dipheityl- 
anthraccnc, as is evident from the text. 

• Copper and Marsh, J. Chem. Soc., 1926, 724. 

•Radulescu and Ostrogovich, Ber., 1931, 64 , 2233 ; Jones, /. Amer, Chem, 
Soc,, 1941, 63 , 1658. 

* Jones, he. cit, ; /. Amer. Chem. Soc., 1946^ 67 ,2127 ; Chem. Rev., 1943.3a, i. 
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the molecules, in analogy with the case of i-phenyl^naphthalene,* which 
is also similar in its spectrum to the unsubstituted naphthalene. 

2-Phenyl-anthracene, on the other hand, shows a spectrum different 
from that of anthracene: in the region 2400-3000 a., the absorption is 
less intense with the maximum shifted to longer wave-lengths, and the 
fine strucure in the second region of the spectrum (3000-4000 a.) is less 
pronounced. This again recalls the spectrum of 2-phenyl-naphthalene 
as compared with naphthalene,* and some other chemical observations on 



Fig. I. 

- Anthracene. 

— — — — 9-Phenyl-anthracene. 

. — . — . — g-io-Diphenyl-anthracene. 

the peculiar character of 2-substituents in the anthracene series.'^ It is 
suggested that resonance forms involving the system 



contribute markedly to the actual state of the molecule. It is consistent 
with this explanation that 2 : 9-diphenyl-anthracene has almost the same 
spectrum as 2-phenyl-anthracene; whilst the hydrogen atoms at Cj and 
Ct do not interfere with the phenyl at Cj, the methine groups Ci and €• 
force the m^so-phenyl out of the plane in which the remainder of the 
molecule is situated. 

* Jacobs, Craig and Lavin, J. Biol. Chem., 1941, 141, 51. 

•Fieserand Hershberg, J. Amer. Chem. Soc., 1938, 60, 940; Jacobs, Craig 
and Lavin, loc. cit. ; Jones, /. Amer. Chem. Soc., 1941, 63, 1658. 

^ Bergmann and Blum-Bergmann, J. Amer. Chem. Soc., 1937, 89 » 
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A rather unexpected picture is presented by the two tetra-phenylated 
anthracene, the i: 4 : 9 : 10- and the 1:4:5: 8-compound. The former 



Fig. 2, 

- Anthracene. 

-I-Phenyl-anthracene. 

. — . — . — . i*4-Diphenyl-anthracene, 



2500 SOOO 5500 4di 


Fig. 3. 

-Anthracene. 

-2-Phenyl%Rthracene. 

, — . — . — . 2*9-Diphenyl-anthracene. 
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shows the general bathochromic effect in the fu* 8 t region of the abso^tion 
spectrum and an almost complete disappearance of hne structure in the 



Fig. 4. 

-Anthracene. 

- 1.4.9. lo-Tetraphenyl-anthracene. 

• — • — • — • 1.4.5.8-Tetraphenyl-anthracene. 

second region of absorption. Although it is not possible to make a quanti¬ 
tative statement, the curve shows that the accumulation of phenyl groups 
in the four neighbouring positions prevents the electronic transitions to 
which these fine bands in anthracene and its less substituted derivatives 
correspond. The extinction coefficients of i : 4 : 5 : 8-tetraphenyl-anthra- 
cene are higher for any given wave-length than for the other representatives 
of this series ; the spectrum consists of three parts, in the first of which 
(2300-3000 A.) there is no bathochromic effect. The second part (3000- 
3600 A.) and the third part (3600-4000 a.) show no fine structure at all. 
One is tempted to conclude that the specific arrangements of the phenyl 
groups causes such a distortion of the anthracene nucleus that the molecule 
can be monoplanar and permit, therefore, the occurrence of resonance 
phenomena. This tentative h3rpothesis invites further investigations. 


Experimental. 


The preparation of the anthracene 
hydrocarbons has been described by 
Hirshberg and Haskelberg.' The spectra 
were investigated with the help of both 
a hydrogen discharge lamp and a steel- 
steel spark (15,000 V.), and of a Zeiss 
spectrograph characterised by the follow¬ 
ing dispersions. 

As solvents cyclohexane and dibutyl 
ether were used, which proved com- 
pletely transparent in the region investi¬ 


A. 

A. per mm. 

2200-2536 

^7 

2536-2650 

31 

2650-3121 

40 

3121-3650 

66 

3650-4050 

xoo 


gated and were expected not to influence the spectrum (e.g. by solvate form¬ 
ation). The order of magnitude of the concentrations used was between 4 X xo’*’ 
and 2 X 10^* mole/I. 
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In the normal way, the molecular extinction coefficient was calculated from 
the formula 


c 



in which n is 0*9 (Schwarzschild constant), c the concentration (mole/I.)» d the 
thickness of the solution measured (in cm.), i and /g the times of exposure for 
the solution and the solvent, respectively, for the same d. The results are 
represented in four groups of absorption curves. 


Daniel Sieff Research Institute, 
Rehovotht Palestine* 


INFRA-RED ABSORPTION SPECTRUM AND 
STRUCTURE OF TRIOXANE. 

By D. a. Ramsay 
Received ^th March, 1947 

Trioxane is a cyclic trimer of formaldehyde. The physical and chemical 
properties of this substance have been recently reviewed by Walker and 
Carlisle.' Crystal structure * and dipole moment * investigations showed 
that the molecule exists in a puckered hexagonal or “ chair structure, 
cp. cyclohexane * and dioxane. • This conclusion may be confirmed spectro¬ 
scopically as follows. Assuming a six-membered ring structure with 
alternate carbon and oxygen atoms, four structures are possible, viz. 
(i) a planar structure with symmetry D,*, (ii) a “ chair'" form with sym¬ 
metry C|», (iii) a boat " or “ cradle " form with symmetry C, and (iv) 
an asymmetric ring 'with no symmetry elements (see Fig. i). 

"Vi. "tf 

Planar (D,g) Chair (C,^) Boat (C,) 

•—carbon O—oxygen o—hydrogen 

Fig. I. 

These structures may be distinguished on account of their different 
symmetries by the different numbers of fundamental vibration frequencies 
permitted in the infra-red and Raman spectra. The Raman data have 
been discussed by Kahoveo and Kohlrausch • and shown to be consistent 
with the “ chair " configuration. In this paper the infra-red data are 
discussed and shown to provide strong support for the ** chair structure. 

ExperimentaL 

The sample of trioxane 'was obtained from Synthite I-td., through the 
Distillers Co. Ltd., and after vacuum distillation melted at 60*5® c. (literature 
6x*2® c.). The infra-red absorption of the vapour between 2*5 and 14/tt was 

' Walker and Carlisle, Chem. Eng* News, 1943, 21, 1250. ** 

•Moermann, Rec. Trav. Chim*, 1937, 5 ^* 

• Mar>'ott and Acree, J. Res, Nat. Bur. Stand., 1944. 33i 71. 

• Ramsay and Sutherland, Proc. Roy. Soc, A, 1947, 190, 245. 

^ Ramsay, ibid., 1947, 190, 562. 

• Kaho'vec and Kohlrausch, 2 r. physih. Chem. B, 1937, 35 # * 9 - 





290 STRUCTURE OF TRIOXANE 

inveatigated using a Hilger D209 double beam spectrometer with a rock salt 
prism. The absorption was measured using a 25 cm. cell with rock salt windows; 
the pressure of trioxane vapour being 5 mm. Hg. and the temperature 20® c. 

The infra-red absorption of trioxane in solution was also investigated. For 
this purpose a 5 % solution of trioxane in CCI4 was used and its absorption meas¬ 
ured in a rock salt cell of thickness o-io mm. The absorption curves for the 
vapour and solution ♦ are reproduced in Fig. 2. 

The infra-red frequencies are given in Table I and compared with the Raman 
frequencies of Kahovec and Kohlrausch.* 

It is seen that many Raman frequencies are in tolerable agreement with the 
infra-red frequencies measured in solution. The latter frequencies are also in 
good agreement with the infra-red frequencies observed in the vapour but are 
generaUy displaced to lower values by amounts varying from 0-20 cm.~^. By 
comparing the infra-red absorption of the vapour and the solution it is seen 
that the sharp vapour peaks at 943 cm.-^ and 977 cm.-^ are probably Q branches 
of two distinct vibrational frequencies, the 934 cm.“^ peak corresponding to the 
P branch of the former and the 990 cm.“' peak to the R branch of the latter 



Frequency in cm.“^ 

A. Trioxane vapour. B. Trioxane in carbon tetrachloride. 

Fig. 2. 


frequency. The strong central band at 960 cm.-* is probably due to overlapping 
of the R branch of the 943 cm.-' frequency vrith the P branch of the 977 cm.-* 
frequency. The 1077 cm.-* vapour band and the unresolved shoulder at 
1066 cm.-* are seen to be distinct vibrational frequencies, as also are the 1490 
cm.-* and 1477 cm.-* vapour bands. The 1220 cm.-* and 1232 cm.-* vapour 
bands however must be ascribed to rotational contours of a single vibrational 
frequency. The 1175 cm.-*, 1298 cm.-* and 1408 cm.-* vapour peaks appear 
to be single bands. Attempts to resolve the 1175 cm,-* frequency at lower 
vapour pressure proved unsuccessful. 

Symmetry Properties. 

The thirty normal vibrations of the trioxane molecide may be conveniently 
described as 6 C—H stretching vibrations, 3 H-—C—H bending vibrations, 
9 >CHg rocking and twisting vibrations, 6 C—O stretching vibrations and 
6 C—O-^ and O—C—O bending vibrations. 

* The infra-red spectrum of trioxane in solution had been obtained earlier 
in the laboratory by Mr. A. R. Philpotts in connection with a separate problem. 
The spectrum given here agrees completely with the earlier observations. 
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The frequency ranges in which each of these ^oups of vibrations may be 
expected to appear are known from earlier studies of the related molecules 
cyclohexane* and dioxane.* The symmetry classes of the normal vibrations 
for all possible symmetries of the molecule have been derived by the usual methods 
of group theory and are given in Table II. The infra-red and Raman selection 
rules are also noted. 

The numbers of fundamental vibration frequencies permitted by the selection 
rules to appear in the various regions of the infra-red spectrum are summarised 
in Table III. Before using the numbers of vibrational frequencies observed in 

TABLE I.— Infra-red and Raman Frequencies 
OF Trioxane. 


Infra-red {cm."i). 

Raman (caii.”»). 

Vapour. 

Solution. 

Solution. 



i 

219? (0) 

520 (3) 

605? (1) 




747 (i) 

•P 934 
0 943 

81 } 

937 (9) 

930? (i) 

PR 960 

(9)i 



Q 977 

( 7 ) ^ 

972 ( 9 ) 

958 ( 5 ) 

R 990 

( 5 )J 


2025 (3) 

1066 

(8S) 

1051 (8) 

1047 (2) 

1077 

( 9 ) 

1065 (9) 

1106 (2) 

1175 

(10) 

1164 (10) 

1220 

1232 

( 4 )\ 

( 4 )/ 

1226 (6) 

1237 (2) 

1298 

(*) 

1305 ( 2 ) 

1309 (2) 

1409 

( 5 ) 

1408 (5) 


M 77 

(*) 

1475 (* 5 ) 

2475 (2) 

1490 

(2) 

1488 (2) 


1894 

(I) 

1874 (1) 


2022 

(0) 

2008 (0) 


2765 

( 4 ) 

2780 (4) 


2825 

( 6 ) 

(I) 

2840 (7) 

2875 (2) 

2925 

2925 (i) 


3000 

(4) 

1 

3000 (3) 

3027 (3) 


S denotes unresolved shoulder. 

Figures in parentheses denote relative intensities of 
bands. 

the spectrum of trioxane vapour to distinguish between the possible configura¬ 
tions of the molecule, the limitations of this method of structure determination 
will be briefly discussed. 

(i) The numbers of frequencies permitted by the selection rules should be 
compared with the numbers of frequencies observed in the vapour spectrum 
only, since breakdown of the selection rules is well known for the liquid and solid 
states. 

(ii) Vibrational frequencies in the vapour spectrum should be distingmiahed 
from bands due to rotational contour by comparison with the spectrum of the 
liquid or solid. 

(iii) Certain fundamental vibration frequencies may be extremely weak in 
absorption and hence escape detection except at increased pressures or longer 
absorption paths. 
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(iv) Two or more fundamental vibration frequencies may be too close to* 
get^ to be resolved by the spectrometer and hence appear as single bands. 

(v) Some weak bands observed may be overtone or combination frequencies. 

(vi) Some fundamental vibration frequencies may be split into two com* 
ponents by Fermi resonance with other vibrational levels in the molecule. 

If, however, the difference between the numbers of active fundamentals 
permitted by the possible configurations of the molecule are sufficiently marked, 
the numbers of observed frequencies may be used to distinguish the structures 

TABLE III.— Symmetry Classes of the Normal Vibrations. 


Type of Vibration. 

1 

Frequency Range. 

Asym¬ 

metric. 






All 

Ai A, E 

AjiApi A,i A,‘i £1 £11 

6 C—H stretching 

2800-3000 cm.-^ 

6 

4 2 

202 

I 0 0 I 1 I 

3 H—C—H bending 

9 >CH, rocking 

1350-1500 cm.“^ 

3 

2 I 

I 0 I 

I 0 0 0 1 0 

and twisting 

750-1350 cm.“^ 

0 

4 5 

I 2 3 

0 I I I I 2 

6 C —0 stretching 

750-1350 cm.-i 

6 

3 3 

I I 2 

I 0 I 0 2 0 


< 750 cm.'-^ 

6 

4 2 

2 0 2 

I 0 0 I I I 

Selection Rules 

IR 

R 

IRIR 
R R 

i i 

-]K IK — 

R-R R 


IR—^infra-red active. R—Raman active. 


with reasonable certainty. This condition is sati.sfied by the planar, " chair " 
and boat configurations of trioxane, though it is not possible to distinguish 
the “ boat ’* form from a completely asymmetric configuration. 

In the region 2800-3000 cm.'^ of the vapour spectrum, four frequencies were 
observed in agreement with the number allowed by the “ chair " structure. 
In the region 1350-1500 cm.“‘, three frequencies were observed though only 
two fundamental frequencies are theoretically permitted by the “ chair" 

TABLE III.—Infra-Red Active Fundamentals. 


Structure. 

2800-3000 cra.-i. 

1 

1350-1500 cra.~i. 

750-1350 cm.-i. 

< 750 cm.-i. 

Asymmetric 

6 

3 ■ 

15 

6 

‘ Boat ” 

6 

3 1 

15 

6 

‘ Chair ” 

4 

2 

7 

4 

Planar 

2 

I j 

4 

2 

Observed . 

4 

3 

7 

— 


structure. Two of the observed frequencies, however, viz., 1490 cm.-^ and 
1477 cm.-i lie close together and may correspond to a single frequency split 
by Fermi resonance. In the region 750-1350 cm.-^ seven frequencies were ob¬ 
served in the vapour spectrum, providing very strong support for the “ chair " 
structure. Lack of experimental data prevents a comjparison in the region 
below 750 cm.-*^. The numbers of frequencies observed m the various regions 
of the infra-red spectrum of trioxane vapour thus provides strong evidence in 
favour of k chair ** configuration for the molecule. It should be pointed out, 
however, that the spectroscopic method does not eliminate the possibility of 
other structures being present in very small amounts. 
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Assigmiieiit of Frequmdes. 

The alignment of frequencies to the ring vibrations of trioxane is con¬ 
siderably aided by comparison with the corresponding assignments for cyclo¬ 
hexane * and dioxane.^ It is also helpful to consider the Raman data of Kahovec 
and Kohlrausch* for tetrahydropyran. The approximate forms of the ring 
vibrations for trioxane are similar to those for cyclohexane and are given in 
Fig. 3. . . . * . 

The totally symmetric breathing frequency is readily identified as an mtense 
polarised line in the Raman spectrum. For cyclohexane, tetrahydropyran 
and dioxane, intense Raman lines are found at 802, 813 and 835 cm.~^ res^ct- 
ively, but for trioxane the line appears at 958 cm.“^. The breathing frequency 
of trioxane is thus displaced by approximately 100 cm.”^ from its expected 
value. This shift must be due either to interaction with other vibrations of 



#—CH, group above plane of paper. 

O—oxygen atom below plane of paper. 

The two components of a degenerate vibration are bracketed together. 

Fig. 3. 

the molecule or to an increase in the C—O force constant for trioxane relative 
to dioxane. 

The “ out-of-plane " bending frequency w, has probably not been observed 
in the case of trioxane. For cyclohexane the frequency was identified as the 
polarised Raman line at 384 cm.-*. The corresponding Raman line for tetra¬ 
hydropyran appears at 396 cm,-* while the calculated value for dioxane was 
390 cm.-*. The ** in-plane" bending frequency for trioxane probably 
corresponds to the Raman line at 747 cm.-*, cp. the dioxane frequency at 740 cm.-*. 
The antisymmetric stretching frequency 11^4 is inactive for trioxane and cyclo¬ 
hexane, the calculated value for the latter molecule being 1092 cm.-*. This 
probably corresponds to the 1090 cm.-* Raman line for tetrahydropyran, while 
lor dioxane the frequency is infra-red active and appears at 1136 cm.-*. 

The very intense, infra-red absorption for trioxane at 1175 cm.-* is probably 
a C—O stretching frequency and may be assigned to the degenerate vibration 
Wg, g. In dioxane the degeneracy is removed and the two component freq\laOicies 
appear at lui and 1125 cm.-*. The corresponding assignment for cyclohexane 
is a degenerate C—C stretching frequency and appears at 1029 cm.-*. The 
assignment for the other degenerate C—O stretching frequency w,. for tri¬ 
oxane is uncertain. For dioxane the vibration is ^ut into a €—-O stretching 
frequency at 1020 cm.-* and a C—C stretching frequency at 889 cm.-*, the latter 
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corresponding to the degenerate C—C stretching frequency for cyclohexane at 
903 cm.-^ 

The degenerate bending frequency appears at 426 cm.“* for cyclohexane. 
For tetrahydropyran the degeneracy is split giving two frequencies at 430 and 
454 cm.'*^ while for dioxane the splitting is even greater, producing frequencies 
at 432 and 485 In trioxane the vibration is once more degenerate and 

probably corresponds to the Raman line at 520 cm."*'. The other degenerate 
bending frequency w^, for trioxane will be expected to appear in the region 
of 200 cm.“'. The calculated value for cyclohexane is 206 cm."*' while for di¬ 
oxane the calculated frequencies are 205 and 233 cm.-'. The Raman line for 
trioxane at 219 cm.**' may therefore be assigned to this vibration. 

The assignments of the ring frequencies for the four molecules are summarised 
in Table IV. 


TABLE IV.— Assignments of Ring Frequencies. 


Vibration. 

Cyclohexane 

Tetrahydropyran 

Dioxane 

Trioxane 

(cm.-!). 

(cm.-i). 

(cm.-»). 

(cm.~»). 


802 

813 

835 

958 

a>t 

384 

396 

(390) 

? 

<0, 

667 ? 

756 

740 

747 

0)4 

(1092) 

1090 

1136^ 


? 

"a* a 

1029 1 

? 

! 

II25J 

► 

1175 

<*»a. 10 

426 

430*1 

454/ 

43 * \ 

485 J 


520 

n 

903 

! 

? 

889 i 
1020 J 

r 

? 

11 

(206) 

252 ? 

(*05) 

(* 33 ). 

} 

219 


Figures in parentheses denote calculated frequencies. 


It will now be considered whether the trioxane assignments are consistent 
with the contours of the infra-red bands. The chair" configuration for 
trioxane is a symmetric top, hence vibrations involving a change of electric 
moment parallel to the symmetry axis will give bands with P, Q, R structures.’ 
The C—O bond lengths were found from X-ray data • to be 1*42 ± 0*03 a. and 
the bond angles of the ring to be 105° ± 10®. If the C—H bond length is taken 
as I’OQ A. (cp. methane *) and all the carbon bond angles are assumed to be tetra¬ 
hedral, the principal moments of inertia of the “ chair structure may be shown 
to be 

= /p =t 160 X io“**® g./cm.* 

1 q = 287 X 10-*® g./cm.*. 


Substituting these values into the doublet separation formula of Gerhard 
and Dennison,’ the PR separation for parallel bands is found to be 25 cm.~' 
at 20® c. The contours of the perpendicular bands may be obtained by reference 


to the curves of these authors for different values of ^ — i. For trioxane 

■•0 

=s£ ~ 0*442, hence the perpendicular bands will also show P, Q, R structures 
although the PR separation will be somewhat smaller than for the parallel bands 
and the Q branch will be less prominent. Two of the observed frequencies 
show a P, Q, R structure in the vapour, viz.. 


P 934 cm.-'l f P 960 cm.**' 

Q 943 cm.-' y and 4 0 977 cm.-' 

R 960 cm.-'J LS 990 cm.-' 

while one shows a doublet structure viz. ^1232 cmThe overlapping of 

the two P, 0 , R structures makes interpretauon difficult but the 977 cm.-' band 
with a QR separation of 13 cm.-' at 20® c. appears to be a parallel band while 

’ Gerhard and Dennison, Physic. Rev., 1933, 43, 197. 

' Ginsberg and Barker, J. Chem. Physics, 1935, 668, 
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the 943 cm.*”* band with a PQ separation of 9 cm.'^ at 20® c. is probably a 
perpendicular band. Vibrations in Class produce changes in dipole monent 
p^allel to the symmetty axis while vibrations in Class E produce changes in 
dipole moment perpendicular to this axis. Hence the 977 cm,“^ frequency may 
be assigned to Class and probably corresponds to the 958 cm."*^ Raman line 
which has been assigned to the symmetrical breathing frequency <di, while the 
943 cm.“^ band may be assigned to Class E and may be either a ring frequency 
or a CHj deformation frequency. 

An attempt was made to calculate the vibration frequencies of the trioxane 
ring by treating the molecule as a system of six mass points (= 14) and applying 
a simple valency force field. Similar calculations for cyclohexane * and dioxane ‘ 
gave agreement between the observed and calculated frequencies to within 
4 % but for trioxane« assuming the same values of the force constants as for 
dioxane, differences up to 10 % were obtained. This agreement could not be 
appreciably improved by modifying the force constants hence it appears that 
interaction terms are needed in the force field. 

The author wishes to thank Dr. G. B. B. M. Sutherland for valuable 
advice and discussion, Dr. G. H. Twigg of the Distillers Co. Ltd., for 
vacuum-distillation of the trioxane sample, and Messrs. BX Plastics Ltd., 
for financial assistance. 


Summary. 

The infra-red absorption spectrum of trioxane between 3500 and 700 cm."' 
has been determined under moderate resolving power using a double-beam 
spectrometer. The number of frequencies observed in the vapour spectrum 
has been compared with the numbers of frequencies permitted by the selection 
rules for the various possible configurations of the trioxane ring and shown to 
provide strong evidence for a “ chair ” structure for this molecule. This con¬ 
clusion is in agreement with the X-ray and dipole moment evidence. Assign¬ 
ments for the ring vibrations of trioxane have been made and compared with 
the corresponding assignments for cyclohexane, tetrahydropyran and dioxane. 

Department of Colloid Science, 

Cambridge. 


A THERMODYNAMIC STUDY OF BIVALENT 
METAL HALIDES IN AQUEOUS SOLUTION- 
PART XVII—REVISION OF DATA FOR ALL 
2:1 AND 1:2 ELECTROLYTES AT 26% AND 
DISCUSSION OF RESULTS. 

By R. H. Stokes. 

R^eived icAh March, 1947. 

During the past seven years there has been accumulated a large amount 
of information about the thermodynamic properties of aqueous solutions 
of electrolytes of 1 : 2 and 2 : i v^dncy types extending, in many cases, 
over a wide range of concentration. The purpose of this paper is to 
summarise these results and to discuss qualitatively some of their 
implications. 

Experimental Methods. % 

The determination of the partial molar free energy of either solute or solvent 
over a range of concentration is in principle sufficient to calculate other functions 
e.g. activities, activity coefficients for mther component. However, the direct 
measurement of the free energy of an involatile solute in concentrate solutions 
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i$ di£lcn]t. The s.m.f. of a cell without tmhiiference is the only convMitieatly 
measurable quantity which depends dizectly on the fxee energy of the solute* 
and there are comparatively few cases where satisfactory reversible electrodes 
can be found for both anion and cation. Furthermore* many electrodes which 
aie satisfactory in the dilute region (say < o*i m.) fail in more concentrated 
solutions, owing to increasing solubility of one of the components of the electrode 
in the solution. 

In general, therefore, it is necessary to measure the partial molar free energy 
of the solvent. The development of the isopiestic technique ‘ for vapour 
pressure measurements has provided a simple and accurate method for measuring 
the vapour pressure (and hence the free energy) of water in solutions of any 
concentration above O'l m.. and this method has provided most of the data 
collected in this paper. 

Standard Data for Isopiestic Measurements. 

Recently attention has been given to the direct measurement of the vapour 
pressures of solutions of NaCl and KCl * and H,S04.** * The standard values 


TABLE I. —Standards for Isopiestic Measurements in Concentrated Solutions ; Osmotic and 
Activity Coefficients of Calcium Chloride and Sulfhuric Acid at 25®. 


M. 

CaCl, 


M. 

CaCI, 

H,SO* 

4 

y 


y 

4 > 

y 

* 

y 



o*x 

0-854 

0-518 

0*680 

0*2655 

5-5 

3*743 

8*x8 

1-376 

0*2312 

0*2 

0-862 

0-472 

0*668 

0*2090 

6-0 

2*891 

xx-xx 

1-445 

0*2367 

0*3 

0-876 

0-455 

0-668 

0*1826 

6-5 

3*003 

* 4-53 

1*512 

0*2852 

0-4 

0-894 

0-448 

0-671 

0-1666 

7*0 

3-081 

18*28 

1-576 

0*3166 

0-5 

0-917 

0-448 

0-676 

0-1557 

7*5 

3 -X 27 

22*13 

1*636 

0*350 

0*6 

0-940 

0-453 

0-682 

0-1477 

8-0 

3 ** 5 i 

26*02 

1-691 

0*386 

07 

0-963 

0-460 

0-689 

0-14x7 

8-5 

3*165 

30*1 

1-744 

0-426 

0-8 

0-988 

0-470 

0-699 

0-1374 

9*0 

3*171 

34-3 

1-793 

0-467 

0-9 

I- 0 I 7 

0-484 

0-710 

0*1342 

9-5 

3*17* 

38*5 

1*841 

0-512 

X*0 

1-046 

0-500 

0-721 

0*1316 

10*0 

3-169 

43-0 

x-884 

0*559 

1*2 

1*107 

0-539 

0-744 

0-1283 

11*0 

— 

_ 

1*964 

o-66r 

1-4 

X-I 7 X 

0-587 

0-768 

1 0*1266 

12*0 

— 

— 

2-030 

0-770 

1*6 

x -237 

0-644 

0-793 

0*1260 

* 3*0 

—* 

— 

2-088 

0-888 

1-8 

1-305 

0-712 

0-819 

0*1264 

140 

— 

— 

2-140 

1-0X7 

2*0 

1*376 

0-792 

0-846 

0*1276 

*50 

— 

— 

2-187 

1*154 

a *5 

1*568 

1*063 

0*9x6 

0-1331 

i6*o 

— 

_ 

2-228 

1*300 

30 

1*779 

x -483 

0-99X 

0*1422 

170 

— 

— 

2-262 

1-450 

3*5 

1*981 

2*078 

1*071 

01547 

i8-o 

— 

— 

2-292 

x*6oS 

40 

2-182 

3-934 

x*i5o 

0*1700 

19*0 

— 

— 

2-318 

1*771 

4*5 

*•383 

4x7 

1*226 

0*1875 

20*0 

— 

— 

2 - 34 X 

1*940 

3*0 

a -574 

5*89 

1*303 

0*2081 

21*0 

— 

— 

2-361 

2*1x4 



i 

i 



22*0 


1 

j 2-381 

i 

2*300 


for NaCl and KCl are given by Robinson,® and by Stokes and Levien.* For 
more concentrated solutions {a^ < 075) HjSO* is* the primary standard but 
recently CaCl, has been used. In Table I is a set of standard values from 0*1 m. 
H4SO4 upwards, and also revised values for CaCl, solutions, the source being 

^ Robinson and Sinclair, J. Amer. Chem, Soc*, 1934, 5 ^f 1830. 

* Olynyk and Gordon, ibid., 1943, 65, 224. 

® Shankman and Gordon, ibid., 1939, 61* 2370. 
f Stokes, ibid., 1947, 1291. 

^ Robinson, Trans. Roy. Soc. New Zealand, 1943, 75 f 203. 

• Stokes and Levien, J. Amer. Chem. Soc., 1946, 68, 333. 
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H,S04 > 3 * and from o*i m. to 2*5 The activity coefficient of HjSQi 

was fixed at 0*2090 at 0*2 m.® and at other concentrations computed from the 
vapour pressure results. The revised ^ values for CaCls are based on previous 
data with slight changes in the concentrated solutions resulting from the 
^option of the values of Table I for H,S04. The activity coefficients of CaCl|, 
m addition, have been recomputed on the basis of k. =*= 0*518.11 

The present accuracy of the standard data for the four reference electro¬ 
lytes named justifies recalculation from all the existing isopiestic measurements 
at 25® on a unUorm basis. Tables II and III and Appendix give the recalculated 
osmotic coefficients and activity coefficients for all the i : 2 and 2 : i electrol3rtes 
which have been studied by the isopiestic method. 

The isopiestic data and Tables I, II and III all refer to 25® c. Values for 
other temperatures are available in certain cases from e.m.f. measurements, 
e.g. for the Zn and Cd halides, Na^SOi, HJSO4, ®^ii^ in some cases also from 
freezing-point measurements. The list of references in Table III, besides giving 
the source of the isopiestic measurements, may also be used to find results for 
other temperatures, but makes no claim to completeness. 

The partly molar free energy of the water is conveniently expressed in terms 
of the osmotic coefficient defined by ^ = — (55*5i/vt») In which for 2 : i and 
I : 2 electrolytes becomes ^ ~ (42*6o6/w) log a.. The values of Table II 
are often slightly different, especially at higher concentrations, from those given 
originally, as a result of later changes in the values for the reference salts. For 
the solute the geometrical mean molal activity coefficients, y, are tabulated 
in Table III. ^ 

Given ^ values from 01 m. upwards as in Table I; the ratio ymlye-i « readily 
computed by the equation of Randall and White : 


- log (Vm/yo-i) =* 0*4343 - Vi) 4- f ”* A d log m 

J 0*1 

where A = i — 

The evaluation of in order to give absolute values of y- is, however, a 
matter of some difficulty. 

(i) In a few cases, e.g. Zn and Cd halides, CaCl, and Na,SO,, reliable e.m.f. 
data for dilute solutions are available, from which Debye-Hfickel extrapolations 
can be made with assurance. 

(ii) Comparison of the ^ — w curves sometimes gives a good estimate of 
the value of y,.i for other salts ; e.g. Mgl„ Mg(C104)„ ZnlClO,),, all give ^ 
curves which between o i and 0-5 m. lie very close to the ^ curve for Znl,. (At 
higher concentrations Znlj shows abnormalities resulting from complex ion 
formation, and the similarity then disappears.) The y^.j values for these salts 
can therefore be estimated by comparison with Znl, for which e.m.f. data are 
available at much lower concentrations. 

(iii) Another method of fixing y,.j is to plot the isopiestic ratio, i?, of a 2 : i 
salt to CaCl, and to extrapolate to unity at zero concentration. Then, since 
the activity coefficients of CaCl, are known down to very low concentrations 
from E.M.F. measurements,*^ the equation of Robinson and Sinclair: 


log y log y' + log R -f o*8686f “(i? - 1) jVmy d . (i) 

• 0 

(whem the dash refers to the reference solution) may be employed. This method 
was discus^d in reference (29). where it was used to estimate values for MgCl,. 

appears from later work that the method is not as sound as 
redetermination by Macleod and Gordon ** of the activity 
coefficients of CaCl, in very dilute solutions leads to y,., ^ =0*518 instead of 

reference (29). Consequently the test cases 
there discussed will no longer give such good agreement with 
^ different procedure has therefore been adopted in evalu- 
o^the 2 : i salts listed in Tables IIU and IIIb. 
If we examine the data for the alkaU-metal halides (for which both ^ and y at 
0*1 M. are known witb very fair accuracy from a variety of measurements) we 

’ Robinson, Trans. Faraday Soc., 1930. 1220 < 

• ^tc^, Hamer and Wood, J. AmeTcHem Soc., 1938, 60. 3061. ' 

• Hamed and Hamer, tbtd., 1935, 57, 27. 

*® Stokes, Trans. Faraday Soc., 1945, 41, 637. 

** McLeod and Gordon, J. Amer. Chem. Soc., 1946, 68. s8. 

** Randall and White, ibid., 1926, 48,^2514. 
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TABLE lie.—Oaitonc CosmeuHTS of x: 2 Salts or Sodiuh Sulfhats Type at 25*. 


Salt 

LijSO* 

Na,S04 

1 

Na,CiO, 

NagSgO, 

Na, 

Fumarate 

Na, 

Maleate 

KgSO, 

KgCrO, 

K,Cr, 0 , 

Rb,S04 

0 , 80 , 

Pre¬ 

cision. 

b 

a 

a 

b 

b 

b 

a 

a 


b 

b 

M. 












0*1 

0*818 

0-793 

0*814 

0-805 

0-812 

0-770 

0-779 

0-805 

0-868 

0-799 

0-804 

0*2 

0-793 

0-733 

0*788 

0-774 

0*801 

0*744 

0*742 

0-774 

0*813 

0-764 

0-772 

0*3 

0*780 

0*725 

0-769 

0-753 

0-797 

0-731 

0-721 

0*753 

0-779 

0-740 

0-751 

0-4 

0*775 

0*705 

0*739 

0-741 

0-797 

0-726 

0-703 

0-741 

0*753 

0-724 

0-739 

0*3 

0*772 

0*690 

0-751 

0-731 

0-803 

0-726 

0-691 

0-733 

0*735 

0*714 

0-731 

0-6 

0-773 

0-678 

0-747 

0-724 

0-816 

0-729 

0-679 

0-727 


0-705 

0*725 

0-7 

0-773 

0-667 

0-743 

0*719 

0*827 

0-733 

0-670 

0*722 

— 

0-698 

0-72 X 

0*8 

0-778 

0-658 

0-740 

0*713 

0*841 

0-738 

— 

0*718 

— 

0-691 

0-717 

0*9 

0-782 

0*650 

0-738 

0*709 

0-855 

0-742 

— 

0-714 

— 

0*686 

0*714 

I-O 

0-787 

0-642 

0-737 

0-707 

0-870 

0*747 

— 

0-711 


0-681 

0-7x2 

1*2 

o*8oo 

0-631 

0-737 

0-707 

0*894 

0-760 

— 

0-709 

— 

0-677 

0*711 

^•4 

0-815 

0-625 

0-743 

0-713 

0-920 

* 0-773 

— 

0*711 

— 

0-677 

0-713 

x-6 

0*832 

0*621 

0-751 

0-719 

0-949 

I 0-788 

— 

0*716 


0*679 

0-7x6 

1*8 

0-847 

0*620 

0-763 

0*728 

0-972 

1 0-804 

— 

0-722 

— 

0*684 

0-722 

2*0 

0-867 

0-621 

0*780 

0-739 

1 0-993 

1 0-820 


0-730 

1 

— 

— 

2-5 

0-923 

0-635 

0*838 

0-779 

— 

0*863 

_ 

0-757 

I 


— 

3*0 

0-984 

0-661 

0-905 

0*829 

— 

0-910 

— 

0-794 


— 

— 

3*5 

— 

0-696 

0*992 

0-890 

— 

— 

— 

0-830 

— 

— 

— 

4*0 


0-740 

1-100 





1 





find that the graph of ^,.1 against yq,i is linear within about 0-002 in y for all 
members except Lil; and the data for Lil are of poor accuracy. We might 
therefore expect a similar linearity in the graph of against for such 2 : i 
salts as are normally dissociated at o-i m. There are only two 2 : i salts which 
enable us to fix this line: CaCl, and Znl,. In these two cases we know 
from isopiestic measurements and yg.^ as a result of e.m.f. measurements extend¬ 
ing down to 0*002 M, or less. Drawing the line then between CaCl| (^g.j = 0-854, 
Vo-i - 0-518) and Znl, (^g.j == 0*893, yg.j = 0*581), we can estimate values of 
yg.i for the remaining 2 : i salts by interpolation on this graph at the appropriate 
values of This procedure leads at least to a consistent set of values, and 
it is unlikely that these are in error by as much as i %. In Tables IIIa and 
Ills, this method has been used to fix the values of yg.^ for all the alkaline-earth 
halides, Zn and Mg nitrates, Mn, Fe, Co and Ni chlorides, and Zn and Mg per¬ 
chlorates. Those for the Zn and Cd halides are based on e.m.f. data in dilute 
solutions. The remainder as well as all the salts in Table IIIc, have been fixed 
by using the Robinson and Sinclair extrapolation discussed above, as the values 
of ^g.x in these cases lie too far below that of CaCl, to justify extrapolation of 
the ^g.i—yg.i graph. In making the extrapolation the 1:2 salts (Table IIIc) 
were based on sodium sulphate as reference substance. 


Accuracy of the Data. 

At best, isopiestic ratios are reproducible to o-i % or better, giving a 
corresponding accuracy in ^ provided the standard data are correct. In some 
cases, however, as wi^ some of the alkaline-earth iodides, great precision was 
not aimed at, and accordingly the salts were not rigorously purified. The letter 
(fl) is apl^ended to the formula of the salt where the accuracy is believed to be 
X in 500 or better; (6) indicates an accuracy of 1 in 200 to x in 500; and (c) 
an accuracy of only about d: 1 %. The values of the activity coefficients, 
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**App.** refers to data giveo in Appendix. 
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TABLE nic.— Actjvwy CoEmciEKTS or i; a Salt* or Sodium Sulthate Tyfe at a5®. 


Salt 

LI4SO4 

Na,S04 

NajCrO* 


Na, 

futnarate 

Na, 

maleate 

K*S04 

K*Cr04 

Rb,S04 

C 2^4 

Ref. 

50 

50, 51 

app. 

50 

27 

27 

50 

52 

53 

53 

M. 











o*i 

0*468 

0-445 

0-464 

0*457 

0*465 

0-430 

0*44* 

0*456 

0*45* 

0*456 

0*2 

0398 

0*363 

0*394 

0*382 

0*402 

0*354 

0*360 

0*382 

0*374 

0*382 

0*3 

0*361 

0*320 

0*353 

0*340 

0*369 

0*314 

0*316 

0*340 

0*331 

0*338 

0-4 

0-337 

0-289 

0*327 

0-313 

0*348 

0-289 

0*286 

0-313 

0*301 

0-311 

0-5 

0-3*9 

0-266 

0-307 

0*292 

0-335 

0*272 

0*264 

0*292 

0*279 

0*291 

0-6 

0-307 

0*248 

0-292 

0*276 

0-328 

0*262 

0*246 

0-276 

0*263 

0*274 

0*7 

0*297 

0-233 

0*280 

0*262 

1 0-323 

0*250 

0-232 

0-263 ] 

0-249 

0*262 

0-8 

0*289 

; 0.22X 

0-269 

0*251 

0.320 

0-243 

— 

0*253 

0*238 

0*251 

0*9 

0*282 

0*210 

0‘26X 

0*242 

0*319 

0-236 

■— 

0*243 

0*228 

0*242 

1*0 

0*277 

I 

0*201 

0-253 

0*234 

0*319 I 

0*231 

— 

0*235 

0*219 

0*235 

t ’2 

1 

0-271 

o*x86o 

0-241 1 

0*222 

0*320 

0*224 


0*223 

0*206 

0*222 

J *4 

0-267 

0x746 

0*233 

0*214 

0-323 

0*219 

— 

0*214 

0*196 

0*214 

1‘6 

0*265 

0*1654 

0-227 

0*207 

0-330 

0*2X6 

— 

0*207 

0*189 

0*207 

1*8 

0*264 

0*1580 

0*224 

0*202 

0-336 

0*214 

— 

0*201 

0*182 

0*201 

2-0 

0-263 

0*1520 

0-222 

0*198 

0*343 

0*213 


0*196 

— 

•— 

a-5 

0-274 

0*1418 

0-225 

0*195 

— 

0*215 

— 

0-190 

— 

_ 

3-0 

0*288 

0-1365 

0*236 

0*199 

— 

0*220 

— 

0*190 

— 

— 

3-5 

— 

0*1345 

0*255 

0*207 

— 

— 

— 

0*191 

— 

— 

40 


0*1354 

0*285 









relative to o*i m., are of accuracy comparable to that of the osmotic coefficient, 
but the absolute values are in some cases subject to an uncertainty of the order 
of I % owing to the necessity for extrapolations (cp. above). 


Discussion. 

The most striking feature of the activity coefficients in Table III is 
the extraordinarily wide range covered by the values for the more con¬ 
centrated solutions ; the low extreme occurring in the case of Cdlg 
(y 3= o*oi68 at 2*5 M.) is about 1/300 of the value for Zn(C104), the 
same concentration. Remarkable variations of the activity coefficient 
of a salt with concentration are also found, the extreme case occurring 
with Mglf where the range is from y == 0-573 at o*i m. to over 200 times 
this value at 5 m. These wide ranges are moreover confined to salts of the 
2 : I type ; those of the i : 2 type, e.g. Naj|S04, all have activity coefficients 
of o-i to 0*5 in the concentration range above o-i m. 

It is best to examine the results in several groups, following the sub¬ 
divisions of Tables II and III. 

A. The salts formed from alkaline-earth cations and monovalent 
anions (Tables IIa and IIIa) from a very regular group. For a given 
anion, the activity coefficients descend in the order Mg > Ca > Sr > Ba with 
no intersections of the curves. This is the order of increasing radius of 
the unbydrated ion, as determined by crystallographic measurements. 
Pauling gives Mg+^—o-fis a„ Ca^+=o-99 a., Sr++=«i*i3 a., Ba++s=i*35 a. 
The smaller the bare ion, the more intense will its surface field be, and 

»» Bates, /. Amer. Chem. Soc,, 1938. 2983. 

Pauling, The Nature of the Chemical Bond (Cornell University Press, 1944), 

P- 346. 
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therefore the ^eater its tendency to hydrate. Hydration increases the 
activity coefficient in two wa3r8 : (a) by increasing the effective mean 
ionic diameter ” of the Debye-Hiickel theory, and (b) by removing water 
from the role of solvent to become, in effect, part of the solute ion**. 

The effect of the size of the anion, however, appears to be the reverse : 
the order of decreasing activity coefficients for a given alkaline-earth 
cation is that of decreasing anion radius : 

CIO*" I-- > Br- > Cl- > NOj- 
the crystallographic radii for the three halide ions being 
I- = 2 *i 6, Br“ = 1*95, Cl” = 1*81 a. ; 

the tetrahedral perchlorate ion may be estimated to have an effective 
radius of 2*1-2-2 a., and the planar nitrate ion, though its radius in the 
plane is not much different from that of C 1 -, will clearly have a smaller 
effective radius because of the possibility of approach by other ions nor¬ 
mally to the plane. These anions, being only singly charged and much 
larger than the cations, will not be expected to hydrate as much. Bernal 
and Fowler have shown that a negative charge is less effective in pro¬ 
ducing electrostatic hydration than a positive charge, and consider that 
monovalent anions, especially if large or polyatomic, may be regarded as 
practically unhydrated. This conclusion is consistent with the observed 
order of the activity coefficients, and suggests that the anion influences the 
activity coefficient only by its effect on the mean effective diameter of the 
ions. 

The activity coefficient curves of the four nitrates in Table IIIa show 
a much greater dispersion than the corresponding halides; e.g. while 
Mg(NO,), is only slightly below MgCl,. Sr (NO,), is very much below 
SrCl,. This is explicable on the grounds that the nitrate ion is small 
enough to permit extensive formation of Bjerrum ion-pairs with the 
smaller hydrated cations, while the hydrated magnesium ion is so large 
that ion-pair formation does not become so important. All the alkaline- 
earth halides are probably fully dissociated in the sense that no significant 
number of complex ions, intermediate ions or undissociated molecules, are 
present, even in concentrated solutions. Not all of them have been 
directly tested, but those which have appear to be quite normal. Thus 
MgCl, and the Ca, Sr and Ba halides give no Raman spectrum ; the 
vapour pressure lowerings of MgCl,, CaCl, and BaCl, alone and in admixture 
with other salts obey simple additivity rules ; transport numbers, •* 
where available, show no peculiarities, and the activity coefficient curves 
are free from inflexions such as are often found where complex ions are 
formed. The conductivity data are consistent with these conclusions.** 
It would appear therefore, that any attempt to deal theoretically with 
the thermodynamics of these solutions should pay attention mainly to 
the effects of ion size on ion-pair formation, on effective ionic diameter, 
and on cation hydration. Attempts to fit the Debye-Hiickel and Hiickel 
equations to the experimental activity coefficients are on the whole un¬ 
profitable ; moderate success may be obtained with Ca(NO,), •• which has 
a fairly flat y curve, but to obtain a fit in cases where y rises rapidly 
from its minimum demands the introduction of arbitrary terms in higher 
powers of the concentration, and the resulting equation is of little interest 
except as an interpolation formula. 

** Bernal and Fowler, J. Chtm. Physics, 1933, i, 515. 

*• Bjerrum, Kgl Danske Vidensk. Selshah, 1926, 7, (No. 9). 

*’ Hibben, The Raman Effect and its Chemical AppUcaHons (Reinhold 
Publishing Corp., New York, 1939), p. 336. 

*• Robinson and Stokes, Trans. Faraday Soc., 1945, 41, 752. 

*» International Critical Tables, 6, 310. 

Jones and Dole, /. Amer. Chem. Soc., 1929, 51, 1073. 

** Righellato and Davies, Trans. Faraday Soc., 1930, a6, 592. 
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B. Turning to the second group, the salts of the bivalent transition- 
series elements (Tables 11b and IIIb) we hnd that the nitrates and per¬ 
chlorates behave like the corresponding alkaline-earth salts. Zinc nitrate 
and Zn(C104)| give curves very close to those for Mg(NO,), and ]^(C104)i, 
which is consistent with the fact that the crystallo^aphic radii of mag¬ 
nesium and zinc ions are close together. The other nitrates also behave in 
a perfectly ** normal ** manner, the activity coefficient showing the expected 
dependence on ion size. Other salts in this group which appear to behave 
normally are FeCl*, which up to 2 m. is practically the same as CaClg, 
and NiClj which is close to SrBr*. 

The remaining halides of this group all behave anomalously in some 
degree. The Cd halides are noteworthy for extremely low activity co¬ 
efficients. These salts undergo extensive auto-complex formation even in 
dilute solutions. Similarly, the zinc halides give activity coefficients quite 
different from the general type. From the resemblance between Zn(NO,)4 
and Mg (NO,),, the zinc halides would be expected, if normally dissociated, 
to give curves close to those of the magnesium halides. However, as 
the concentration increases the activity coefficients of all three salts rapidly 
fall away from those of the corresponding magnesium salts, the divergence 
occurring first with the chloride and last with the iodide. This behaviour 
is due •• to the formation of complex ions of the type ZnCl,—. 

In contrast to the cadmium halides, the order of decreasing stability 
of the complexes is ZnCl,— > ZnBr,— > Znl,—.*• In spite of this 
complex formation, the activity coefficients in very concentrated zinc 
halide solutions exceed unity, due to hydration of free Zn ions present in 
solution. The Cd ion is probably too large for hydration effects to be 
dominant. Robinson has obtained some evidence for ion-pair formation 
between Cd++ and CdX*— from unpublished measurements on CdCl,-CaCl, 
mixtures. Again, the presence of CdCl’^ ions is claimed by some workers ; 
these provide an alternative explanation, as they " bind " the cadmium 
ions in a form in which little or no hydration is to be expected. 

The activity coefficient curve of MnCl, lies close to that of SrCl, up 
to about 2 M., but thereafter does not rise as sharply as might be expected ; 
this possibly indicates the presence, in very concentrated solutions, of a 
complex ion or or undissociated molecule of very low stability. 

Cobalt chloride at first gives a curve between those for MgCl, and 
CaCl,, but at higher concentrations there is again evidence of anomalous 
behaviour, due to the presence of an undissociated molecule, CoCl, . 4H,0, 
in concentrated solutions. 

The activity coefficient of CuCl, is also much lower than would be 
expected. Recent work by Brown ** has explained this anomaly as due 
to the formation of the intermediate ion CuCl+ and the undissociated 
CuCl, molecule ; Bjerrum ** on the other hand has obtained evidence for 
CuCl,~ and CuCl,— as well. 

C. It remains to consider the i : 2 salts formed from monovalent 
cations and bivalent anions (Tables He and IIIc). This group is character¬ 
ised by much lower activity coefficients. The minimum in y, when it 
occurs at all in the range studied, is at much high^ concentrations than 
is the case with the normal 2 : i ^ts of Table IIIa. Polyatomic anions, 
even if doubly charged, will not be significantly hydrated,^* and the cations 
of this group, though of radii comparable to the alkaline-earth cations, 
are only singly charged and therefore will not hydfhte as readily. The 
comparatively slight hydration for these ions is confirmed by the fact that 
the mean ionic diameter " required to produc^ a satisfactory fit of tho 
Debye-Hiickel formula to the activity coefficient is not much greater 

•• Stokes, Trans, Faraday See., 1948 (in press). 

Robinson (private communication). 

Brown, Trans. Roy. Soc. New Zealand (in press). 

•• Bjerrum. KgL Danske Vidensk. Sehkab, 1946, aa, (No. 18), 
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than the sum of the crystallographic radii ; in e.g. K«S04 the Debye- 
Hiickel diameter is about 2*9 a.,** while the crystallographic radius sum. 
is about 3*4 a. to 3*5 a. This strongly suggests that the K+ ion is too 
large to hydrate at all hrmly, an argument which applies a fortiori to the 
Rb+ and Cs+ ions. The small Li*** ion, and to a less extent the Na+ 
ion, will, however, be expected to hydrate to some extent. The order of 
decreasing activity coeihcients for the alkali sulphates is 

Li+ > Cs+ > Rb+ > Na+ > K+ 

(o-6o) (1-69) (1-48) (0-95) (1*33) A. 

the bracketed figures giving the accepted crystallographic radii. If we 
allow for considerable hydration of Li+ and slight hydiution of Na+, the 
order of ionic radii will correspond to the order of the activity coefficients. 
In all the salts of this group, however, we must certainly expect a consider¬ 
able amount of ion-pair formation, as the mean diameters of the ions are 
much below the critical distance of Bjerrunfs theory (7 a. for i ; 2 salts). 
This factor will largely account for the lower activity coefficients. The 
importance of ion-pairing is well illustrated by the case of sodium fumaratc 
and maleate. Robinson, Smith and Smith have pointed out that the 
maleate ion, with cis configuration, will have a greater tendency to form 
ion-pairs (with sodium ion) than the fumarate which has the trans con¬ 
figuration, thus explaining the substantially higher activity coefficients of 
s^ium fumarate. 

In the case of KjCrjO,, only the osmotic coefficients are given, as 
hydrolysis of the dichromate ion precludes any extrapolation by which 
a reference value for the activity coefficients at 0*1 m. may be obtained. 

*• Akerlof, J. Atner. Chem. Soc., 1926, 48, ii6o. 

Robinson, Smith and Smith, Trans. Faraday Soc., 1942, 38, 63. 

Robinson and Stokes, Trans. Faraday Soc., 1940, 36, 733. 

*• Stokes, ibid., 1945, 41, 642. 

Stokes and Levien, J. Amer. Chem. Soc., 1946, 68, 333. 

Robinson, Wilson and Ayling, ibid., 1942, 64, 1469. 

•• Robinson and Brown, Trans. Roy. Soc. New Zealand (in press). 

Robinson, Trans. Faraday Soc., 1942, 38, 445. 

** Robinson, J. Amer. Chem. Soc., 1940, 62, 3130. 

Robinson, Trans. Faraday Soc., 1940, 36, 737. 

*• Robinson, ibid., 1941, 37 * 82. 

Robinson and Stokes, ibid., 1940, 36, 1137. 

•• Stokes and Robinson, ibid., 1941, 37, 419. 

•• Robinson, ibid., 1938, 1142. 

Robinson and Stokes, ibid., 1940, 36, 740. 

Stokes, Stokes and Robinson, ibid., 1944, 40, 533. 

Stokes and Stokes, ibid., 1945, 41, 688. 

** Stokes, ibid., 1945, 41, 12. 

** Stokes and Levien, J. Amer. Chem. Soc., 1946, 68, 1852. 

** Robinson, Trans. Faraday Soc., 1940, 36, 1135. 

*• Harned and Fitzgerald, J. Amer. Chem. Soc., 1936, 58, 2624. 

Bates, ibid., 1939, 61, 308. 

Robinson and Wilson, Trans. Faraday Soc., 1940, 36, 738. 

Bates and Vosburgh, J. Amer. Chem. Soc., 1937, 59 # 1583. 

Robinson, Wilson and Stokes, ibid., 1941, 63, loii, 

Hamed and Hecker, ibid., 1934, S^f ^ 5 ®- 

** Stokes, Wilson and Robinson, Trans, Faraday Soc,, 1941, 37, 566. 

•• Cudd and Felsing, J, Amer. Chem. Soc., 1942, 64, 550. 

** Stokes (not previously published). 

Robinson (private communication). 

•• Stokes (unpublished work). 

Farrelly, Thesis (University of New 2 ^aland, 1945). 

••Stokes and Robinson, J. Amer. Chem. Soc., 1948 (in press), where a quan¬ 
titative treatment of the hydration effect is given. 

•• Robinson and McCoach, ibid,, 1947, 699 2244. 
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Summary. 

Activity coefficients and osmotic coefficients at 25°, derived mainly from 
isopiestic vapour pressure measurements are tabulated for 45 i : 2 and 2 : i 
electrolytes over a wide range of concentrations. All the data have been re¬ 
calculated using a consistent set of values for the isopiestic standard substances. 
The main factor governing the behaviour of these electrolytes is ion size, through 
its influence on the extent of cation hydration and ion-pair formation. The 
anomalous behaviour of the halides of several metals of the transition series 
is discussed in terms of the formation of complex or intermediate ions or 
undissociated molecules. 


Appendix. 


Details of isopiestic measurements on concentrated solutions at 25°, supple¬ 
menting those given in earlier papers. Each solution is isopiestic with the refer¬ 
ence solution (CaClj. NaCl or H,S04) whose molality is immediately below it 
The bracketed figures give reference to the source of these data. 


(54) 

M. MgBr, 
M. CaClg 


2298 2*933 4-345 5 * 3 i 4 

2*650 3*400 5*137 6*508 


5*6i (sat.) 
7023 


M. Mgl, 

2'08i 

2*233 

2*501 

3*314 

3*402 

3-970 

4*6i6 

5*009 

M. CaClg 

4-569 

2*747 

3099 

4*i6o 

4-293 

5*075 

6*032 

6*770 

(57) 



3-894 3- 






M. ZnClg 

3-347 

3-394 ; 

93* 4-724 5-100 5-837 

7*119 

7*950 

M. CaClg 

2*104 

2*130 j 

2*405 2*. 

431 2-879 3-091 3-5*7 

4*279 

4-766 

M. ZnClg 

9-013 

9*991 







M. CaClg 

5 - 4 M 

6*031 







(57) 

M. ZnClg 

11*814 

13*552 

14*044 

15-130 

17-333 

19-853 

22*073 

23-193 

M. HgSOg 

11-495 

13*316 

13*790 

14*867 

16*932 

19-145 

20*975 

21*674 

(56) 









M, SrClg 

0*07838 

0*3518 

0*4508 

0*6067 

0*6986 

0*7136 

0-7985 


M. CaClg 

0*07810 

0*3507 

0-4435 

0*5947 

0*6820 

0*6966 

0-7792 


M. SrClg 

0*9427 

1*015 

1*112 

1135 

1-371 

1*802 

2*028 

2*123 

M. CaClg 

0*9187 

0*9859 

1*078 

1*102 

1*325 

1*731 

1*948 

2*034 

M. SrClg 

2-437 

2*511 

2*827 

2*909 

3*520 (sat.) 

4*038 

M. CaClg 

2-331 

2*395 

2*691 

2-769 

3*334 


3*799 


(55) 









M. MnCl, 

1-838 

2*656 

2*949 

3-163 

3-592 

4-203 

4*305 

4-931 

M. CaClg 

1-754 

2*413 

2*628 

2*780 

3*066 

3-499 

3-507 

3-86i 

M. MnClg 

5-145 

5-550 

5-710 

5-956 

6*111 

6-705 

7*699 


M. CaClg 

3-979 

4*196 

4-275 

4-410 

4*484 

4-786 

5*293 


(55) 

M. NiCl, 
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AN INTERPRETATldN OF THE VISCOSITY OF 

LIQUIDS. 

By R. C. L, Bosworth. 

Received id^th March, 1947. 

Theories of the Viscosity of Liquids. 

The theories which from time to time have been proposed in an attempt 
to account for the property of liquid viscosity fall naturally into three 
classes : those which explain the phenomenon in terms of the transport of 
momentum, those which regard the property as one of molecular relaxation 
and those semi-empirical theories which relate viscosity to molecular 
volume. 

Transport of momentum theories are essentially attempts to take over 
the kinetic theory which has been so successful in treating gaseous vis¬ 
cosity, Such attempts meet at once the difficulty that the viscosity of 
an ordinary mobile liquid at room temperature is some 50 times that of a 
typical gas and further that the viscosity of a liquid decreases with increase 
in temperature while that of a gas increases. Protagonists of the transport 
of momentum theories, such as those of van der Waals, Jr.^ and Andrade,* 
give expressions which derive this behaviour as a consequence of the much 
smaller free space in the liquid state. Brillouin * has proposed a somewhat 
novel theory based on the transport of momentum from neighbouring 
vibrating systems, taking, as the carriers of momentum, the system of 
equivalent particles, or “ phonons," into which the thermal motion of the 
molecules can be analysed. Brillouin's detailed calculation showed, how¬ 
ever, that longitudinal waves in a liquid carried momentum in such a way 
as to impart a negative viscosity to the system. 

Relaxation theories probably date back to Clerk Maxwell who showed 
that in a system of rigidity G and viscosity an initial stress in the body 
will decay with a time constant (t) 

T= tllG .(l) 

Maxwell called r the relaxation time. 

FrenkeP adopted a model of a liquid in which the molecules perform 
periodic oscillations with an occasional shift in the position of equilibrium. 
By considering this process as one of self-diffusion he arrives at an ex¬ 
pression, 

rj = Gre^l^T . . . , • (2) 

where U is the dissociation energy for the lattice. This theory has further 
been developed by Prandtl.® 

The interpretation of viscosity in terms of relaxation has been replaced 
by a derivation of tj from the theory of absolute reaction rates by Powell, 
Roseveare and E3n:ing.« The expression they give reads ; 

.( 3 ) 

^ van der Waals, Jr., Proc, Acad. Amsterdam, 1918, ai, 

* Andrade, Phil. Mag., 1934, 497 » 698. 

* Brillouin, Ann. Physique Rad., Ill, 1922, 6, 326. 

* Frenkel, Wave Mechanics, Elementary Theory (Clarendon Press, Oxford), 
I 932 i PP- 266-272 ; Z. Physik., 1926, 35, 652 ; Trans. Faraday Soc.,1937, 33, 58. 

* I^aildtl, Z. angew. Math. Mech., 1928, 8, 85. 

* Powell, Roseveare, and Eyring, Ind. Eng. Chem., 1941, 33, 430. 
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where N is the Avogadro number, R the gas constant, h Planck's constant, 
T the absolute temperature, V the molecular volume and AG+ the free 
energy ask>ciated with the activation of a molecule to the mobile state. 

Eqn. (3) makes the viscosity of a liquid inversely proportional to the 
molecular volume. Empirical equations expressing an approximate re¬ 
ciprocal relationship between viscosity and molecular volume have been 
proposed by a number of authors. Thus Batschinki ’ found that, ap¬ 
proximately 


where c and w are constant. This expression has been developed by 
Lederer, ® and by Macleod • who gives an expression for viscosity which 
involves molecular weight as well as molecular volume. His expression 
reads, 


V — b 


(5) 


where iC is a constant, Mo the formula weight, a the degree of association 
of the liquid and (v — h) is the free volume per molecule. 


The Transport of Momentum. 

According to the kinetic theory the force produced in a flowing mass 
of gas by viscosity is due to the transport of momentum across the stream 
lines by the moving molecules. Diflusion in such a system is due to the 
transport of molecular species by the same thermal motion. There is 
thus a close relationship between viscosity (17) and diffusivity (D) in gases. 
The quotient of viscosity by density ly/p, or the so-called kinematic vis¬ 
cosity, has the same physical dimensions as diflusivity and for most gases : 

17/p = Sm D > . . . . (6) 

where Sm (a dimensionless quantity referred to as the Schmidt number) 
has a value between o*66 and 0*85 depending on the nature of the forces 
acting between the molecules. The Schmidt number is thus a measure 
of the relative efficiency of the system for the transport of momentum and 
of mass. For liquid systems Sm, as defined by equation (6) is a large 
quantity of the order 10* to 10“. We may accordingly describe a liquid 
as much less efficient at the transport of mass than at the transport of 
momentum, or we may conclude that there exists in liquid systems an 
efficient mechanism for the transport of momentum which is not simul¬ 
taneously available for the transport of mass. 

A possibly analogous situation occurs when considering the viscosity 
of gases at stellar temperatures. The thermal radiation from very hot 
gases carries momentum and therefore contributes to the viscosity of the 
gas concerned. At stellar temperature the viscosity of radiation as shown 
by Jeans may be greater than the gas kinetic viscosity. The thermal 
radiation however carries no chemical species and therefore does not con¬ 
tribute to the diffusivity. Therefore at stellar temperature the Schmidt 
number must increase. 

As mentioned above, the suggestion that the acoustical vibrations, 
into which the Einstein and the Debye theories resolve the thermal motion 
of the molecules of a condensed assembly, might similarly act as carriers 
of momentum but not of mass, was made by Brillouin in 1922. Brillouin 
considered only the effect of the longitudinal waves, accepting the classical 

’ Batschinki, Z. physik. Chem,, 1913, 84, 643, 

• Lederer, Kolloid Beihtfle, 193I1 34» 270. 

•Macleod, Trans, Faraday Soc.» 1923, 19, 6; ibid., 1925, ai, 151 ; ibid., 
1936.33,872. 

Jeans, Roy. Astrom. Soc., 1926, 86, 444, 
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argument that a liquid possesses no rigidity and therefore cannot transmit 
a transverse wave. The validity of thk conclusion for ultra high-frequency 
acoustical waves has however been questioned by Burgers. The complete 
absence of transverse waves at all Debye frequencies would lead to a value 
for the molecular heat of a liquid R cil./g, mol. less than that of the cor¬ 
responding solid, while as a matter of experience specific heats of liquids 
are usually higher than those of the corresponding solids. Consequently 
we amend the statement that the liquid state is one which does not traxis- 
mit transverse acoustical waves to read that the liquid state is one in which 
transverse waves are highly absorbed, or for which the transverse wave 
has a mean free path which is only of the order of the atomic spacing, or 
exists for a time of the order of the relaxation time of the molecules con¬ 
cerned. Indeed this short mean free path is necessary in order that the 
carrier of momentum should contribute to the ordinary (or Newtonian) 
viscosity. The author has claimed that a mean free path of the order 
of the dimensions of the containing vessel would produce a contribution 
not to true viscosity but to the so-called sigma phenomenon (Bosworth).^* 


The Viscosity of a Phonon Gas/* 

In a simple derivation of the contribution to the viscosity of a liquid 
arising from the short lived transverse mechanical, or acoustical waves we 
shall use the concept proposed by Frenkel of a “ phonon gas ** in which 
a quantum of radiation of wave number k becomes replaced by a particle of 
momentum g given by : 

g=-hk .( 7 ) 

On the Debye theory the thermal energy associated with a vibrational 
frequency v in an assembly of N atoms per unit volume at temperature T 
is : 

hv 

Qh^lhT _ I* 


The number of independent modes of vibration in unit volume with fre¬ 
quency lying between v and p + dv is given by d? in : 




where Ct is the velocity of the longitudinal wave and that of the trans¬ 
verse wave. The total number of modes of vibration is 3JV. We accord¬ 
ingly have : 

A ft \ 

(8) 




where v® is the characteristic Debye frequency. 

The energy d£ associated with the transverse waves of frequency 
lying between v and v -f dv is given by : 

■ • • • W 

The number of phonons dw, per unit volume derived from transverse 
waves in the frequency range v to v + dv (or phonons of class A) is ex¬ 
pressed as; 

8ir >'*dv 

. ( 10 ) 


, dE 


: * - I 


Each of these phonons carries an amount of momentum 


Bargers, Second Report on Viscosity and Plasticity (Amsterdam, 1938), 
pp. 9-10. 


Bosworth, Phil. Mag. (in press). 
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If we write m for the equivalent mass of a phonon of type A we have : 

tn =r hpfCi* .(ii) 

For the density of phonons of type A we have : 

, , hv Sv v^dv •, . 

dp. = mdn. = ^ — • • • (12) 

Let us suppose that these phonons have a mean free path (or a mean 
life It may readily ^ shown that in a gas of density /> if the mole¬ 

cules move with a mean velocity c and mean free path A then the viscosity 
is given by : 


Thus our phonons of class A make a contribution diy to the viscosity of the 
liquid given by: 

8ir hAi v'dv 


- 3 cf - I 


(13) 


The total viscosity contribution arising from all the phonons present in 
the liquid assembly is thus, 


^ = 


Stt v®dv 

- I • 


(H) 


where is the Debye characteristic frequency of the assembly. 

For temperatures greatly in excess of the Debye characteristic tem¬ 
perature 0D = ^ we may write approximately 

ehpIkT - I == hv/kT .... (15) 

for all values of v in excess of Since ©d is much less than room 

temperature for all except the most tightly bonded structures, which in 
any case would not yield fluids except at the highest temperatures, it is 
permissible to use approximation (15) throughout the dominant part of 
the integration in equation (14). Thus we have. 


yt* 3 


(16) 


On substitution in equation (8), remembering the Nk = -p (the molar 
gas constant divided by the molecular volume), we get finally 


2jRr Ae 

V C, C,* + 2Ci* 


(17) 


The Velocity of the Transverse Waves. 

Eqn. 17 involves the absolute temperature T, the molecular volume V, 
Cl or the velocity of sound in the liquid concerned, and the quantities 
and Ao an interpretation of which is necessary before the equation can 
be applied to observational data. Since the postulated transverse waves 
have but an ephemeral existence in a liquid, direct measurement is pre¬ 
sumably out of the question and we seek some other physical property 
which may be related to these two quantities. 

The quantity depends on the magnitude of the elastic forces acting 
between the molecules of the assembly. For a macroscopic system we may 

write: _ 

Cl = V^Rigidity/Density 
while for the longitudinal waves 

Cl — VBulk Modulus/Density. 
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On substituting this expression for A, in eqn. (21) we obtain 


,0 I Imrt X , . 

, = 0.2068-y__^^;-^ . . . (24) 

as the final equation for the viscosity contribution attributable to the 
momentum transfer produced by the phonons in a liquid. An alternative 
expression may be obtained by substituting for the free space (v — b) its 
approximate value as given by eqn. (20). Thus we obtain 

_ o-2o68 

’ ~ Afl/S (J?ry*)l/2. 

or alternatively 

_0*2095 X io« 

’ ATVS (iiry»)l/2ftpl/S • • • > 

where ft is the adiabatic compressibility of the liquid measured as the 
relative volume change per atmosphere pressure change. 


Viscosity in Terms of the Velocity of Sound. 

Eqn. (25) or the equivalent eqn. (26) gives an expression for the vis¬ 
cosity of a liquid in terms of a number of observable quantities. N and 
R are molecular constants. M, T and p readily available properties and 
ft (or the equivalent C|) are quantities which are known for a number of 
liquids at one or two temperatures. Bergmann for example gives a 
table of the velocities of ultrasonic waves and adiabatic compressibilities 
of a number of organic liquids at room temperatures. A shorter list is 
given in the International Critical Tables, vol. 6. Data on the velocity 
of sound in a number of alcohols at 25® c. and at 35® c. have more recently 
been given by Rendell.** The values of y, the ratio of specific heats are 
given in the International Critical Tables, vol. 5. For the various sub¬ 
stances liquid at ordinary temperature and for which data on the adiabatic 
compressibilities are available, the values of y, for the gaseous phase, vary 
over the comparatively narrow range from 1*08 (for hexane) to 1*29 for 
methyl iodide. Bergmann gives a limited number of values of y for these 
same substances in the liquid state. These values are higher than those 
for the gaseous state and range from i*i6 (for butyl alcohol) to 1*50 (for 
chloroform). It is not quite clear from the deduction of Kincaid and 
Eyring as to what value should be taken for y in their expression (eqn. 20), 
whether the low value for dispersed molecules in the gaseous pha^e or the 
somewhat higher value for the more closely packed molecules in the liquid 
phase. Since eqn. (20) and indeed the deduction of as given above is 
approximate only, it is probably sufficiently accurate to take for the value 
of y for all molecules not being linear or monatomic the theoretical equi- 
partition value for a system with no internal vibrations, viz. y = 1*33. 
From which y ®/2 = 1*54, So that eqn. (26) may be rewritten 

,= 175 X poises . . . (27) 

Eqn. (27) may readily be tested against experimental data by plotting ri 
for various liquids at temperatures for which the other data are available 
against ft. Fig. 2 shows the result of plotting experimental 

data in this manner. The various points are numbered and reference to 
the particular liquid and temperature represented by each point is given 
in the attached legend. In order to produce a compact figure both co¬ 
ordinates of the points referring to the aliphatic alcohols have been divided 

Bergmann, Ultrasonics (Bell & Co., 1938), pp. 124 et seq. 

Kendall, Proc, Indian, Acad, Sci., 1942, loA, 369. 
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by 3, Similarly both co-ordinates of the point representing mercury have 
b^n divided by 4. Since we are expecting a linear relationship between 




Fig. 2. 


I Bromoform at 23*5® c. 

25 

Methyl butyrate at 24*5® c. 

2 I : 3-Dibroinpropane at 23*5® c. 

26 

Butyl formate at 24® c. 

3 Diethyl malonate at 22® c. 

27 

n-Octane at 19® c. 

4 Ethylene bromide at 28° c. 

28 

Propyl acetate at 26® c. 

5 Diethyl oxalate at 22® c. 

29 

Methyl propionate at 24*5® c. 

6 Tetrachlorethane at 28® c. 

30 

Ethyl propionate at 23-5® c. 

7 Brombenzene at 28®c. 

31 

Benzene at 23° c. 

8 Tetrachlorethylene a t 28® c. 

32 

Ethyl acetate at 23*5® c. 

g Chloroform at 23‘5° c. 

33 

Methylene chloride at 23*5® c. 

10 Butyl iodide at 28® c. 

34 

n-Heptane at 23® c. 

II Chlorbenzene at 23® c. 

35 

Ethyl formate at 24® c. 

12 j 3 -Picoline at 28® c. 

36 

Methyl acetate at 24® c. 

13 o-Xylene at 22® c. 

37 

Ethyl bromide at 24® c. 

14 a-Picoline at 28® c. 

38 

n-Hexane at 23® c. 

15 m-Xylene at 22® c. 

39 

w-Pentane at 18® c. 

16 p-Xylene at 22® c. 

40* 

Ethyl alcohol at 23*5® c. 

17 Pyridine at 24® c. 

41 * 

n-Propyl alcohol at 24® c. 

18 Ethylene chloride at 23® c. 

42* 

n-Butyl alcohol at 24® c. 

19 Amyl acetate at 26® c. 

43 

Water at 15® c. 

20 Ethyl formate at 24® c. 

44 * 

/soamyl alcohol at 24® c. 

21 Carbon tetrachloride at 23® c. 

45 * 

Jsooctyl alcohol at 26® c. 

22 Butyl bromide at 28® c. 

46* 

Methyl alcohol at 23*5® c. 

23 Toluene at 23® c. 

47 t 

Mercury at 20® c. 

24 Butyl acetate at 26® c. 




the co-ordinates this procedure is quite legitimate. The values of ^^s- 
cosities shown in the figure were taken from the International Critical 
Tables and the other physical properties from the sources mentioned above. 

* Both co-ordinates of these points have been divided by 3, 
t Both co-ordinates of this point have been divided by 4. 
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Tlie full line drawn in Fig. 2 represents eqn. (27) and it will be noted that 
the data for normal liquids—^hydrocarbons, halogenated hydrocarbons and 
esters fall within the limits of the accuracy to be expected from the cal¬ 
culation, or the “ theoretical ** line. Data for associated liquids, such as 
water and the alcohols fall considerably below this line but could, in prin¬ 
ciple, be made consistent with the fundamental eqn. (19) by postulating 
that eqn. (23) underestimates the mean free path either because the effective 
molecular weight is many times greater than the formula weight or else 
because the polar nature of these substances produce an orientation and 
thus an arrangement of the “ holes ** in a regular superlattice. 

A typically dissociated liquid, mercury, gives a point which falls far 
above the line in Fig. 2. The data for mercury can however always be 
made to fit eqn. (27) by postulating an effective molecular weight less than 
the formula weight. As a matter of interest the effective molecular weight 
required to make mercury fit eqn. (27) is 35. To make water fit as an 
associated liquid the required effective molecular weight is 125. 

The decrease with increase in temperature is a very characteristic 



Fig. 

1 Methyl alcohol. 

2 Ethyl alcohol. 

3 n-Propyl alcohol. 

O Refers to 25° c. 


3 - 

4 n-Butyl alcohol. 

5 fsoAmyl alcohol. 

-f Refers to 35® c. 


property of the viscosity of substances in the liquid state. Unfortunately, 
there are not available any extensive data on the temperature variation of 
Cl or ft. However the paper by Rendall gives c, for the 5 lowest 
saturated aliphatic alcohols at 25® c. and 35® c. and although these are 
‘‘associated liquids and do not fit eqn. (27), nevertheless the quantity 
T^s/e/ri/s^/aft plotted against 17 gives a smooth curve independent of the 
temperature. Fig. 3 shows this curve. The circles refer to data at 25® c., 
the crosses to data at 35® c. The numeral against each point refers to the 
number of carbon atoms in the alcohol. The heavy straight line represents 
eqn. (27). While the data plotted do not fall on any straight line they do 
form a single smooth curve which shows an apparent degree of association 
(or is it orientation of the “ holes ” ?) which increases with increase in 
molecular weight or decrease in the temperature. 


Viscosity in Terms of Free Space. 

While it is not at present possible to test eqn. (27) over a wide range of 
temperatures, an equation to show the variation of viscosity with tern- 
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perature can be derived from the expression for 7 in terms of the free space 
(eqn. 24). This equation may be rewritten in the form 


^ (Mr)t/* 

, = const. . 

where the constant has, for normal liquids, the value 


• (24a) 


const. = 2*56 X 10“*^ 

Eqn. (24a) may be compared with the empirical expression of Macleod, 
viz.: 

« = const. — -T .... (28) 
V — 0 

and may be developed in the same way as this latter expression. Jaeger 
has written for the variation of the free space (w — 6) with temperature : 

v-b = —e-i^lTv, 

•no 

with no and c' hs constants. In terms of this expression eqn. (24) becomes ; 

, = . . . (29) 

which expresses the variation of viscosity with temperature by the familiar 
exponential equation (cf. eqn. 3). 


Summary. 

An expression is derived for the viscosity of a liquid on the assumption that 
the carriers of momentum are " phonons ” or equivalent particles to the mechan¬ 
ical waves into which the Einstein and the Debye theories of the specific heat 
resolve the molecular motion. This expression reads : 

RT X, , ^ 

= 1*047—;r.{I 9 «) 

where V is the molecular volume, is the mean free path of the phonons and 
the velocity of sound in the liquid. 

It is further assumed that is a measure of the mean distance from any arbit¬ 
rary point in the liquid to a discontinuity or “ hole " in the lattice as defined 
by the near neighbours of the arbitrary point. The expression for viscosity 
thus derived reads 

, M 5 /® ^ ^ 

■ • • I”' 

where M is the molecular weight, p the density and ft the adiabatic compressi¬ 
bility. Good agreement with experimental data is recorded for normal Uquids 
but for associated liquids eqn. (27) underestimates the viscosity and for mercury 
the equation overestimates the viscosity. 

By using the relation between free volume and the velocity of sound as given 
by Kincaid and Eyring this equation may be transposed to one giving viscosity 
in terms of molecular weight and free volume, similar to, but not identical with, 
the empirical expression of Macleod. 

41 Spencer Road, 

Killara, 

New South Wales^ 



NOTES ON THE ELECTROKINETIC POTENTIAL 
OF CELLULOSE AND ON ELECTROKINETIC 
EQUATIONS. 

By a. S. Buchanan and E. Heymann. 


Received igth March, 1947. 


Most workers in the field of the {-potential of cellulose calculate { 
from the streaming potential and the resistance of the cell. Neale and 
Peters ^ have recently made an interesting innovation by measuring the 
streaming current directly; and Neale * has derived an equation for this 
current. 

It can be shown that Neale*s equation is very similar to, and in the 
case of a non-swelling solid, identical with, the Helraholtz-Smoluchowski 
equation for the streaming potential, provided that, following a suggestion 
by Briggs ® and the practice of several other investigators,** * one sub¬ 
stitutes for K the specific conductivity (#c') of the liquid whilst it is con¬ 
tained in the porous plug ; k thus includes bulk-conductivity and surface 
conductivity. The equation for the {-potential then becomes 


t = ^ 

4 D ■ p' ■ 


(I) 


where rj is the viscosity, D the dielectric constant of the liquid, E the 
streaming potential and P the pressure under which the liquid is forced 
through the plug, k' is determined experimentally from the measured 
resistance (R) across the plug and its cell constant."' The latter is ob¬ 
tained by measuring the resistance of the plug filled with a KCl solution * 
of known specific conductivity. We thus have 


K 



(2) 


where C is the cell constant. For the latter we may write, according to 
Manegold, Hofmann and Solf,* 


/ 


C = -=—-, . . . . (2a) 

a(i - 

where I is the length of the plug, a its cross-section, Fj the fraction of the 
total plug volume that is occupied b}’' the solid not including water of 
swelling or imbibition ; (i — Fj) is thus approximately the volume fraction 
that is available for ionic migration (cf. Bikerman ^), and a is a term which 
depends on the shape and orientation of the crystals or fibres. Bjerrum, 
Manegold and co-workers • have calculated or for a number of idealised 
arrangements and obtained a = 0*33 for a plug with cylindrical capillaries 
oriented at random, and a = o*66 for a plug with rectangular crevices 
oriented at random. As a plug consisting of crystals or fibres does not 
correspond to either of these arrangements, it is preferable to calculate 
o from an experimental determination of C by eqn. (2a). From the 
results of Rabinov and Heymann ® we calculate a = 0*64 — o*8o for 
various celluloses (Table I). 


^ Neale and Peters, Trans. Faraday Soc., 1946, 42, 478, 

* Neale, ibid., 1946, 42, 473. 

* Briggs, J. Physic, them., 1928, 32, 641. 

* Bull and Gortner, ibid., 1931, 35, 309 ; 1932, 36, in. 

• Rabinov and Heymann, ibid., 1943, 47, 655. 

• Bjerrum and Manegold, Kolloid Z., 1927, 43, 5 ; Manegold, Hofmann and 
Solf, ibid.,;ig^i, 55, 273 ; 56, 267 ; 57, 23. 

’ Bikerman, J. Physic. Chem., 1942, 46, 724. 

♦ The concentration of this solution must be at least 0*05 N. in order to make 
the surface-conductivity inappreciable compared with the bulk-conductivity. 

3x8 
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ELECTROKINETIC POTENTIAL 



( 3 ) 

( 4 ) 

( 5 ) 


where is the surface potential, (i — F,) is the fraction of the plug volume 
that is available for flow: hence JF, is the fraction of the plug volume 
occupied by the swollen solid. 

The terms t and a take into account that flow and ionic migration 
must follow a tortuous path through the interstices of the plug ; for a 
plug of cylindrical fibres oriented at random, Neale has calculated that 
T = 0*79. If the solid phase of the plug does not swell and possesses zero 
electric conductivity, (i — = (i — F,). Moreover, in this case, 

according to Manegold and co-workers, r = a. Hence for a plug of crystals 
embedded in an aqueous solution, eqn. (i), (4) and (5) are identical. 

However, for a plug of fibres which are swollen, the volume-fraction 
available for flow is smaller than that available for ionic migration, thus 
(i — F2) < (i — Fi). This point has been recognised by Bikerman,’ 
who has stated an equation for the streaming current which is similar 
to that of Neale, though it does not contain the term t. If the volume 
fractions available for ionic migration and flow are different due to swelling, 
the corresponding shape factors o and r may not be exactly equal. In 
this case, eqn. (4) and (5) differ by terms which are constant for the same 
material and the same mode of orientation. 

It appears improbable that absolute values for the electrokinetic poten¬ 
tial can be obtained by electro-osmosis or streaming potential methods 
when plugs of fibrous materials which undergo swelling are investigated, 
because flow is completely impeded in a swollen structure, whereas ionic 
migration is only very little impeded. If eqn. (i), (3) or (4) are used for 
the calculation of the surface potential, no separate determination of or 
theoretical assumption for Fj and a need be made, because these terms 
are contained in the cell constant C, the experimental determination of 
which offers no difficulty. However, an error is introduced since (i — Fj) 
because of swelling, is greater than the volume fraction available for flow 
(i — F,). Neale’s equation (5), on the other hand, gives the correct 
relation, but the experimental determination of Ft is uncertain because 
the amount of swelling is not usually known with accuracy and the value 
of T is in doubt. We consider the necessity of employing the term t, 
the numerical value of which depends on the shape and orientation of the 
particles of the solid, as a serious disadvantage of Neale’s procedure. 

Caution must be exercised on comparison of various types of fibres. 
Differences in streaming potential may be due not only to differences in 
surface potential but to variations in fibre orientation, affecting a and r, 
or in the amount of swelling (affecting F,). Neale and Peters, appl)dng 
eqn. (5), have found that the most highly stretched yams show the highest 
potential, and that disorientation due to swelling produces a fall. This, 
however, could be explained on the assumption that swelling and dis¬ 
orientation produce a change of F, and t, rather than of the potential. 
Other data on textile materials (cf, Valko •) may require a similar re¬ 
interpretation. 

\^en*the potential { is customarily calculated from eqn. (i), F/P, R 


• Valko, Kolloidchemische Grundlagen der TexUlveredlung (Berlin, 1937)1 P* ^^ 5 * 
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and the cell constant C = ^are determined experimentally. When 

the potential ^0 is calculated from eqn. (5), / = E//?, P and F, are deter¬ 
mined experimentally, and r is assumed to be 0*79 (Neale). We have 
calculated { and ^0 from data by Rabinov and Heymann ® on celluloses 
and oxycelluloses of varying carboxyl group content in distilled water. 
Fbr the calculation of Fi the specific volume of cellulose is taken to be 
0*65 (Ott •). According to Collins,the amount of swelling is about 
50 % of the dry volume for the native celluloses (hence F, = 1*5 Fx), and 
about 65 % for the regenerated cellulose (hence, in that case, F, = 1*65 Fj). 
The plug dimensions are I = 3*40 cm. and a = 1*77 cm.,* A is the COOH 
value of the sample in m. equ./g., E/P is expressed in v./cm. Hg., C in cm.-* 
and R in ohm. is the surface potential (in mv.) calculated by eqn. (5), 
assuming r = 0*79, and is the surface potential assuming r = 0, a being 
calculated from the experimental cell constant by eqn. (2a) ; #cg is the 

— K 

Specific surface conductivity. The latter is defined as -, where k 

is the bulk conductivity and a is the weight of cellulose contained in i cm.* 
of diaphragm space. For methods of purification and characteristion 
of the samples under investigation, see Heymann and Rabinov.® 

A number of typical results are shown in Table I. The shape factor a, 
calculated from eqn. (2fl), varies between 0*64 and 0*80. The average is 
thus smaller than the value of t = 0*79 computed by Neale. Unfor¬ 
tunately, experimental data for an independent determination of r from 
the rate of flow according to Bjerrum and Manegold • are not available. 
A decrease of a goes parallel with an increase of the ratio £/0o, which 
varies between 0*94 and 1*14. However, if the surface potential ^'0 is 
calculated assuming that t is equal to a, the values of the ratio {/^'q show 
satisfactory constancy. This may be regarded as an indication that, for 
various kinds of cellulose and oxycellulose, t is not constant but varies 
similarly to a. 

Neale states that, on applying eqn. (5), he obtains “ a result independent 
of the ambiguous surface-conductivity.'* However, the customary method 
of calculating £ from eqn, (i) involves no separate experimental deter¬ 
mination of the surface-conductivity, but the latter quantity is included 
in the value of k, just as it is included in the value of the streaming 
current (/) in Neale's equation. It is noteworthy in this respect that the 
ratio £/^o for oxycelluloses with a high COOH v^ue (A) is little different 
from that for cottons A, B and D with low COOH values, although the 
surface-conductivity (#f,) of the former is about ten times as great as that 
of the latter. This demonstrates well that the surface-conductivity is 
taken into account in eqn. (i), (3) and (4) as well as in eqn. (5). The results 
show that even with fibrous materials, such as a variety of celluloses and 
oxycelluloses, which exhibit swelling and show a wide variation of surface- 
conductivity, there is little difference between the numerical values of the 
electrokinetic potential calculated by Neale's equation and those cal¬ 
culated by the modified Helmholtz-Smoluchowski (-Briggs) equation. 

In view of the close relation between these two equations, it is not 
surprising that shows variations very similar to those which previous 
investigators •* ‘ have recorded for £, viz., the decrease of surface potential 

with increasing carboxyl group content (A in Table I) and the occurrence 
of a maximum in the curves showing the variation of the surface potential 
with the concentration of alkali metal salts (KCl, NaCl, KNO,). 

As pointed out before, swelling is neglected when £ is calculate 4 by 
eqn. (i), (3) and (4). Even on application of eqn. (5) an error may be 

•Ott, Celltdose and Cellulose Derivatives (New York, 1943), P- 4 i 9 - 
Collins, /. Text. Inst., 1930, 21 T, 311; vide also Hess, Die Chemie d^ 
Cellulose (Leipzig, 1928). 

^ He3nnann and Rabinov, /. Physic. Chem., 1941, 45, 1152. 
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introduced because the amount of swelling is not usually known with 
accuracy. These errors are comparatively small as long as the voluine 
fraction occupied by the (swollen) solid phase is small, but will become 
appreciable on increase of the density of packing.*^ Rabinov and 
Heymann,® as well as Neale and Peters,^ have found that the electrokinetic 
potential, calculated by eqn. (i), (3), (4) and (5), decreases when the 
density of packing is increased. They explained this on the assumption 
of a breakdown of the above equations when the fibres approach one 
another at many points within a distance of the same order of magnitude 
as the thickness of the diffuse double layer. Another explanation is that, 
owing to swelling and immobilisation of liquid, the actual volume available 
for flow is smaller than (i -—Pi) and even (i — F,) ; the values of these 
quantities inserted in eqn. (i), (3), (4) and (5) are therefore too great. As 
these terms are in the denominator, the calculated values of {, ^ 

are too small. This will make itself felt more strongly with closely-packed 
plugs than with loosely-packed ones. Hence the apparent values of { and 
calculated by the above equations, will decrease with increasing 
density of packing. 


Summary. 

1. A comparative discussion of Neale’s equation for the streaming current 
and of the modified Helmholtz-Smoluchowski-Briggs equation for the streaming 
potential is given. 

2. For non-swelling solids, Neale’s equation is identical with the Helmh^oltz- 
Smoluchowski equation, provided that the specific conductivity of the liquid 
whilst it is contained in the porous plug (or capillary )is inserted in the latter 
equation (modification due to Briggs). 

3. We have used the two equations for calculating the electrokinetic potential 
from data of the streaming potential of various samples of cellulose and oxy- 
cellulose, which show an appreciable amount of swelling and a wide variation of 
surface conductivity. There is little difierence between the numerical values 
of the electrokinetic potential calculated by the two equations. 

4. The influence of swelling on electrokinetic properties is discussed. 

5. Results obtained by Neale and Peters are discussed and compared with 
those of previous investigators. 

Chemistry Department, 

University of Melbourne, 

Melbourne, Australia, 

* For this reason, greater errors may be expected in the calculation of { from 
measurements of streaming potential and electro-osmosis than of cataphoresis. 


A CATHODE RAY POLAROGRAPH. 

By J. E. B. Randles.* 

Received 12th November, 1946; as revised 2^th April, 1947. 

In recent years a small number of papers ^ have been published de¬ 
scribing the use of the cathode ray oscillograph for recording diffusion 
currents passed by a dropping mercury electrode as an alternative to the 
ordinary polarographic technique. However, no satisfactory anal)rtical 

* Present address: Dept, of Chemistry, University of Birmingham. 

^ Matheson and Nichols, Trans. Amer. Electrochem. Soc., 1938,73,193. Mflller, 
Carman, Droi: and Petras, Ind. Eng, Chem. (Anal.), 1938, 10, 339. Boeke and 
van Suchtelen, Phillips Tech. Rev., 1939, 4, 213. Heyrovsky and Foretj, 
Z. physik. Chem., 1943, 193, 77. 




J. E. B. RANDLES 3^3 

instmment was evolved. For the purpose of developing such an instru¬ 
ment the work of Matheson and Nichols ^ was regarded as the most 
promising starting point. Their method applies to the dropping electrode 
a recurrent, fairly rapid, linear potentialsweep " s3mchronised with drop 
formation and the resultant cathode ray trace is a simple current-voltage 
curve similar to an ordinary polarogram except that “ peaks ** replace the 
polarographic ** steps,** 

Preliminary work showed that if peak height were to be reproducible, 
and strictly proportional to the concentration of reducible substance, there 
were two chief requirements. Firstly, since peak height is dependent on 
the rate of change of potential of the dropping electrode * this must be 
constant and independent of the current flowing. If a steadily changing 
potential difference (provided e.g. by the charging of a condenser) is 
applied to the polarographic cell and a resistance (for current measurement) 
in series, the rate of change of potential difference across the cell is in¬ 
evitably affected by the potential drop in the resistance, i.e., by the current. 
To overcome this, an electronic circuit (described under (i) below) was 
designed, whereby the potential difference applied to the cell is effectively 
independent of the potential drop in the series resistance. Provided that 
the potential of the anode relative to the solution is constant, and that the 
ohmic potential drop in the electrolyte is insignificant, a constant rate of 
change of the potential of the dropping electrode relative to the solution 
is achieved. The second requirement is that the reduction process shall 
always occur at the same stage of drop growth (i.e., at the same drop size). 
This was ensured by means of a synchronising circuit giving exact control 
of the time-lag between the fall of a drop and the start of the next voltage 
sweep. Details of all circuits and general lay-out are given below. 


Details of the Instrument 


The essential parts of the final apparatus apart from the dropping 
electrode and polarographic cells are (i) the circuit for applying the potential 






sweep to the dropping electrode, (ii) the synchronising circuit, (iii) the 
amplifiers, and (iv) the cathode ray tube and the power packs. They 
will be described in this order. 

Circuit Providing the Voltage Sweep. —A diagram of the circuit is 
shown in Fig. i(a). is a high gain pentode and V* forms a cathode 
follower stage ; it will be seen that any small change in potential relatfVe 
to earth of the grid of Vj will result in a very much larger change in potential 
of point a in the opposing direction. Assuming for convenience that the 
ratio of the two changes is i : 200 then any change in the potential drop 

* Part II, p. 334. 
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the one preceding it. An 80-way multiple switch specially made by 
Morley and Duke and Co, Ltd., of Cambridge, is used for this purpose, 
and the mdividual resistors are of the ordinary ^ w. carbon type except 
those below 200 ohms which are wire wound. 

The Synchronising Circuit.—^The circuit diagram is shown in Fig. 2. 
It is essentially a combined ** flip-flop " and " multivibrator circuit.* 
M is a post office type relay with a contact K which closes when current 
passes through the relay. K is connected across condenser C of the voltage 
sweep circuit (Fig. i). The circuit operates as follows : with the double 
pole two-way switch (shown in two parts, and SJ in the position shown, 
V, is normally conducting and point A is sufficiently negative for Vj to 
be cut off. A positive impulse applied at I starts conducting and 
applies a negative impulse to the grid of V, (via C,) which renders point A 
still more positive. This cumulative process occurs until is fuUy con¬ 
ducting and V, is non-conducting. As the negative charge on the side of 
C| connected to the grid of V, leaks away to earth through R|, V* eventually 
becomes conducting again. A becomes more negative and the whole pro¬ 
cess is reversed as suddenly as it occurred, the original state being regained. 
This is stable till a new positive impulse is 
received at I.^ This impulse is derived from 
the output of that amplifier whose input 
is the potential drop across Rj (Fig. i), so 
that the sudden change of the cell current 
when the mercury drop falls provides the 
necessary impulse. Thus, on the fall of the 
mercury drop, becomes conducting and 
K closes, short circuiting the condenser C 
(Fig. i). After a delay period determined 
by the capacity Ci and resistance R,, K re¬ 
opens and the voltage sweep occurs again. 

When the double pole switch is in the 
reverse position, the circuit behaves as a 
multivibrator,'' Vj and V, alternately be¬ 
coming conducting and non-conducting at 
intervals determined by the values of Ci, 

C, , Ri and R,. This provides a recurrent 
voltage sweep which is suitable for use with 
a stationary micro-electrode. 

In normal operation with the double pole switch in the former position, 
the voltage sweep starts when contact K opens, and ends when the mercury 
drop falls. Its duration therefore equals the drop time of the capillary 
minus the delay time. The latter is proportional to the product of C, and 
R, and in practice is controlled by R|, which is varied in steps by means of 
a multiple switch. With the values of C, and R, given below, delays from 
about i to 7 sec. are obtainable. 

Details of the circuit in actual use are as follows : and V,, a single 

valve, Mullard ECC31 double triode; Cx and C|, 4 nv, paper dielectric 
condensers ; Ri, 200,000 ohms to i megohm ; R„ 150,000 ohms to 750,000 
ohms in 17 steps. 

Amplifiers.—Since the potential changes to be amplified are slow, 

D. c. amplifiers of the type shown in the circuit diagram. Fig. 3 are used. 
These amplifiers give a very stable output if a reasonably smooth output 
power pack is used for the high voltage supply (see note on power packs 
below). The potentiometer S changes the steady output voltage for zero 
input voltage and is used for the purpose of shifting the whole trace oei the 
screen of the cathode ray tube. The overall gain of the amplifier is con¬ 
trolled by the variable resistance G, being a maximum when G is zero. 



♦ See, e.g., Thermionic Valve Circmts, E. Williams (Pitman, 1944). 
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The valves are Mazda S.P.41 i^ntodes, the first pair being connected 
as triodes. In the amplifier giving vertical deflection of the electron 
beam, S is a 5,000 ohms potentiometer and G may be o, 500 or 2,000 ohms. 
In the other amplifier, S is 50,000 ohms and G may be 1,500, 3,000 or 
6,000 ohms. 

Cathode Ray Tube and Power Packs.—A 6^ tube N.C.18, with long 
afterglow screen is used. Accelerating voltage 3,000 v. is supplied by a 
conventional power pack. The power pack supplying the amplifiers and 
synchronising circuit is of conventional design with three-stage inductance 
capacity filtering, and the output fed to three Neon stabilisers {S.130) 
with the positive side of the stabiliser which is connected to the negative 
output, earthed. Potentials of — 130, 4-130 and + 260 v. are thus avail¬ 
able. 

Batteries may be used for the high voltage supply to the circuit provid¬ 
ing the voltage sweep since it requires no more than 5 ma. If a power 
pack is used, very efficient filtering is required. The A.c. ripple must be 
not more than o*oi % of the d.c. output. This can be obtained, but not 
very easily, by feeding the output of a conventional power pack with 
inductance-capacity filtering, to an electronic voltage regulator.* 

The interconnection between the electrical units of the apparatus are 
represented diagrammatically in Fig. 4. In the author^s apparatus each 
unit is built on a tinplate chassis with controls on a front panel. The units 



Fig. 4. 


may be built up together provided that there is efficient electrical and 
magnetic screening between each one. 

Polarographic Equipment.—Simple polarographic cells with a single 
side tube as a hydrogen inlet are employed, and the usual type of dropping 
electrode. It is necessary that the potential of the anode relative to the 
solution should not change appreciably when the sudden rise in the cell 
current occurs. A silver-silver chloride electrode is superior in this respect 
to a mercury pool anode. The electrode is prepared from 18 gauge silver 
wire by winding a helix about long and just wide enough to fit over the 
capillary, leaving about 4^ of straight wire to serve as a support and 
electrical connection. The helix is coated with AgCl by anodic treatment 
in dil. HCl. In use it is supported with its lower end about above that of 
the capillary. When immersed in m. KCl the a.c. resistance between 
the mercury reservoir and the anode was found to be less than 100 ohms, 
which is small enough to render the ohmic potential drop in the cell 
negligible. 

Acknowledgment is due to the Director General, Scientific Research 
(Defence), Ministry of Supply for permission to publish this paper. The 
author is indebted to Mr. G. l^rnard of the Ballistics Research Department, 
Royal Arsenal, Woolwich, for his assistance in the design of the electrical 
circuits. 

* See, e.g.. Radio Amateur*sHandbook (American Radio I.^ague, 1945), p. 80 ; 
Mailer Garman and Droz, Experimental Electronics (Prentice Hall, N.Y., 1944), 
p. 106. 
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Summary 

The electrical circuit design and mode of operation of an instrument termed 
a cathode ray polarograph are described. The function of the instrument is 
to trace on the screen of a cathode ray tube a current-voltage curve for a dropping 
mercury electrode immersed in a solution containing small amounts of electro- 
reducible or -oxidisable substances. The current-voltage curve shows current 
peaks, each peak corresponding to an electro-reduction or -oxidation, and the 
height of a peak is accurately proportional to the concentration of the electro- 
reducible or -oxidisable substance. 

Chemical Inspection Department, 

Ministry of Supply, 


A CATHODE RAY POLAROGRAPH. 

PART II.—THE CURRENT-VOLTAGE CURVES. 

By J. E. B. Randles.* 

Received 12th November, 1946; as revised 2 ^th April, 1947. 

If a suitable potential is applied to a micro-electrode immersed in a 
solution containing a low concentration of an electro-reducible or -oxidisable 
substance, together with a relatively high concentration of an indifferent 
electrolyte, a diffusion-controlled current flows. If the application of 
the potential is sudden the current starts at a high value and decreases with 
time as the diffusion layer thickens.^ To overcome the time dependence 
of diffusion currents, or, in other words, to provide what is effectively a 
steady state of the diffusion layer, either the rotating platinum electrode, 
or the dropping mercury electrode is normally used in polarography. 
The diffusion currents so obtained are suitable for measurement by a 
galvanometer or similar means. On the other hand, by means of the 
cathode ray oscillograph (or other instrument of sufficiently rapid response), 
it is possible to measure rapidly changing diffusion currents such as are 
obtained by the sudden changing of the potential of a micro-electrode, 
by the application to it of a rapid potential sweep.'' Thus a voltage 
“ sweep " covering a range of J to 2 v. in i to 2 sec. may be made to give 
a current-voltage curve providing as much information as the normal 
polarogram obtained over a period of 5 or 10 min. By means of the cathode 
ray polarograph described in Part I,* in conjunction with a stationary 
micro-electrode or a dropping mercury electrode, such current-voltage 
curves are obtainable. It is the object of the present papier to discuss the 
form of these curves, and their application to analytical purposes. 

Theory of the Current-Voltage Curves. 

The potential of the micro-electrode relative to the solution changes 
during a “ sweep " at a rate of between o-i and i*o v./sec. This gives the 
best current-voltage curves in practice. As a result of the electrode reaction 
the concentration of the reacting substance at the electrode surface de¬ 
creases and diffusion towards the electrode sets in. The relative speed of 
the two processes is such that both the increasing thickness of the difl^psion 
layer and the increasing total concentration difference across it, signifldintly 

* Present address : Dept, of Chemistry, University of Birmingham. 

1 Kolthoff and Lingane, Polarography (Interscience, N.Y., 1941), Chap. II. 

• Randles, Trans, Faraday Soc. (preceding paper). 
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affect the diffusion current and, in fact, by tbeir opposing influences give 
rise to the characteristic current peak. Therefore no simplifying assump¬ 
tion, such as constancy of thickness of the diffusion layer, can be made and 
it is necessary to solve the dynamic diffusion equation for the boundary 
conditions provided by the changing concentration at the electrode surface. 
It has only been found possible to do this by a graphical method, of which 
some details will be given. 

The Boundary Gondltiona.—The concentrations of reactant and pro¬ 
duct can only be easily expressed in terms of the potential of the electrode 
if it is assumed that (i) the reaction product is soluble either in the aqueous 
solution or the material of the electrode, and (2) the electrode process is 
rapid compared with the rate of diffusion (i.e. the electrode reaction occurs 
reversibly). When a mercury electrode is employed the former condition 
generally holds. The second is valid for the reduction of some metal ions, 
but is quite untrue for many electrode reactions. Nevertheless the theo¬ 
retical curves derived on the basis of these two assumptions serve as a 
useful standard for comparison in judging the reversibility of actual 
electrode reactions. It will be convenient in the treatment which follows 
to consider a particular case, that of the reduction at a mercury electrode 
of the ions of a metal which is itself soluble in mercury. 

The rate of change of the potential of the electrode relative to the 
solution is constant, so we may write 

£ = B —' of. 


where E is the potential of the electrode at time t and B and a are constants. 
Since the aqueous solution contains an excess of indifferent electrolyte, 
the activity coefficient of the reacting ions may be regarded as constant, 
as may that of the metal in the mercury since only dilute solutions are 
involved. In relating change of concentration of reactant and product 
to change of electrode potential we may therefore neglect activity coeffi¬ 
cients. Thus we have 


fiF 


^80 




where n is the number of electrons involved in the reaction (the valency 
of the ion), C^o f^be concentration of metal in the mercury and that 
of the ions in the solution, both adjacent to the interface, and is the 
time at which C^o = ^so* Inserting numerical values, for 25® c.. 


^ = io»»ff-«.)/ 006 # . . . . (i) 

This defines a relation between the boundary conditions on the two sides 
of the interface to which the diffusion process in both phases must con¬ 
form. 

Graphical Solution of the I>iffualon Equation.—^The equation for 
linear diffusion towards a plane surface * is 


_ 2>»C 


• (2) 


where C is the concentration of the diffusing substance at any point, D 
its diffusion coefficient, t the time and x is distance from the surface. 
Although diffusion to a mercury drop or similar micro-electrode is not 
linear, it will be shown later that this equation applies sufficiently well to 
such electrodes in the circumstances with which we are concerned, i.e. 
while the diffusion layer is thin in comparison with the diameter of the 
electrode. Therefore the problem is to solve eqn. (2) for the two phases 
using the boiindary conditions at the interface defined by (x). 

• Ref.», p. 18. 
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The graphical method used is based on the numerical solution of difEer- 
ential equations using small finite differences ; an account of this method is 
given in a recent article by Emmons.* The present equation involves only 
two independent variables and is therefore conveniently solved in a two- 
dimensional diagram. A preliminary investigation using the simplest 
method described by Emmons (loc. cit. pp. 174-176) and x and t as the 
variables brought to light an important conclusion. Taking into account 
the fact that the flux on the two sides of the interface must be the same, it 
was found that ^so were related to C (the concentration of reacting 

ions in the bulk of the solution), at all values oft, by 

Cgo 4 ” • * • • (3) 


where k = VDj^/Df^, and Dg being the diffusion coefiicients of metal 
in the mercury and ions in the solution, respectively. Introducing (i) 
and writing R for io»»»(<“<o)/o 059 ^ we obtain 


and 


Cao — 


1 kR 
C 


Ck- 


k +R-^ 14- 


( 4 ) 


We now have independent boundary conditions for the two phases, w^hich, 
for the purpose of the 
graphical procedure, are 
most conveniently plotted 
against na(^ — /o)/0‘059, i.e., 
log R, as shown in Fig. i. 

The mid-point of each curve 
corresponds to the value of 
R = The Cgo curve 

approaches the limit Cgo — C 
for / decreasing and Cgo — o 
for t increasing while the 
limits for the C^q curve are 
o and C/k. The diffusion 
equation need only be solved 
for one phase, i.e., only one 
of the curves is required, 
and the Cgo curve has the 
advantage that its height is 
unaflected by variation in 
h, which merely shifts it along the (noL{t — t^)/o-05g) axis. The actual 
value of k does not therefore affect the shape or height of the final current- 
voltage curve, and it may be taken as unity (which is probably near the 
true value in most cases). It should be noted that the Cgo curve is simply 
the curve for C/(i -f- kR) against log R and is therefore quite general; 
C may be given the arbitrary value of x as is done in Fig. i. In applying 
the results of the graphical solution to particular cases, the (na(f — f •)/o‘059) 
(i.e., log R) scale is interpreted as a voltage or time scale by the insertion 
of appropriate values of n and a, and ordinates are multiplied by the 
actual value of C to give concentrations. 

The basis of the numerical method already mentioned is as follows. 
To solve an equation such as (2) small finite diflerences in the two variables 
are chosen such that (8;r)* =s 2JD , Then. if Cgo, C|, Cj, Cg, etc., are 
the concentrations at distances o, hx, zhx, etc., from the boundary 
at a certain time, and if the concentrations at the same points are C'go, 

♦Emmons, Quart. J. Appi. Mktks., 1944, *** 173 - 
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C'l, C'„ C'„ etc., after an interval C'go. O'l, C'», C'„ etc., after an 
interval 2 St, and so on, it is easily shown that 

OgQ 


C', 


c\ = Sl±S 3 etc.. 


etc.. 


• ( 5 ) 


to a close approximation if Bx and ht are small. If the boundary con¬ 
centrations, at the electrode surface and C in the bulk of the solution, 
are known over a range of t and if the concentrations Ci, Ci, C|, etc., for 
a series of points can be guessed or otherwise obtained for a certain value 
of /, then the concentrations at these points can be derived by the above 
method for the subsequent range of t, at intervals of St, From the result 
the concentration gradient close to the electrode surface and hence the 
diffusion current, for this range of t, are easily deduced. 

The graphical method is based on this principle but was designed to 
lessen the numerical work involved. Moreover, by using the ordinates 
and abscissae of Fig. i the result is quite general. The procedure was as 
follows. First a suitable value of St was decided on, the controlling factor 

being that the change in 
H corresponding to St must 
not be too great. Values 
of St such as to make 
«aSf/o*059 — 0*1 and 0-05 
were usi^, the ratio of 
successive values of /? 
being loO i and io0*®5. 
is automatically deter¬ 
mined by (8;r)* = 2 jD . St, 
Next, Cgo values were 
calculated by means of (4) 
for a suitable range of t at 
intervals of St, and plotted 
as in Fig. i. Then, at a 
point on the ^BO curve 
where (C — Cgo) is only 
about 0*2 % of C, a few intermediate values, Ci, C,, Cg, etc., were guessed 
and inserted between Cgo and C (this part of the curve being redrawn on a 
larger scale for convenience). The concentrations C\, C\, C',, etc., for 
the next value of na{t — tg)lo^o$g were then obtained by the averaging 
process of eqn. (5), This was carried out by means of a straight scale 
^^duated symmetrically about a zero at its mid-point. By applying 
this to the earlier set of points in such a way that, for instance, Cj and C, 
were opposite identical scale readings, could then be inserted opposite 
the zero but in the next vertical column (i.e. above C'go). Repetition of 
this process, with the introduction as necessary of extra points at the end 
of the column distant from the Cgo curve, provided eventually a complete 
set of concentration values for the range of time over which the curve 
was drawn. The first set of guessed points may, of course, be far from 
correct but as successive sets are derived the concentration values adjust 
themselves to correspond to the correct distances, Sx, 2 Sx, etc,, from the 
boundary, and the errors are rapidly eliminated. If the start is made 
when (C — Cgo) is sufficiently small the errors are eliminated before an 
appreciable concentration gradient is reached. Actual sets of points 
are too close together to show in Fig. i but a few widely spaced points 
have been inserted merely to illustrate the foregoing description. 

Curves showing the change of concentration with time at distances 
Sx, 2Sx, etc., from the interface are obtained by joining up all Ci points, 
all Cg points, etc. These are shown in Fig! 2. It is noticeable that the 
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cbjwge i» concentration at a distance from the interface lags behind that 
which occurs nearer to it. Curves of concentration against x are obtained 
if each point in a column is shifted to the right by an amount proportional 
to the distance from the interface to which it refers and a curve drawn 
^ough them. These curves are shown in the upper part of Fig. 3. It 
is apparent that the concentration gradient close to the interface (i.e., 
the slope of the curves where they meet the Cgo curve) increases (as re¬ 
duction proceeds) to a maximum and then decreases again. It is this 
maximum which is responsible for the peak in the current-voltage curves. 
The approximate scales of Fig. 2 and 3 may be indicated by a few rough 
figures. For n = 2 and a = 0*3 v./sec. approximately, the abscissae of 
both figures must be multiplied by 0*1 to give a scale in seconds, so that 
the whole curve in each case covers just over 0*7 sec. The concentration 
distance curves of Fig. 3 are drawn so that for n and a as above and 
D = 1*0 X io~*cm.* sec.”*^ (the value for lead), one unit of the abscissae 
corresponds to 0*045 cm., consequently the later curves extend over 
nearly 0*2 mm. from the 
interface. 

To calculate the dif¬ 
fusion current we require 

(Cl — Cgo) by 8Ci and 
(C, — Cl) by 8C,, it can 
be seen that hCi/Bx gives 

the mean value of j 

over the range x = o to 
X = hx, and a better ap¬ 
proximation to 

is given by hCo/hx where 
8 Ca = 8Ci-fKSCi- 8C,). 

Values of ic^ obtained 
from the graphical results 
for increments «a8f/o*o59 
= 0*1, are plotted in the lower part of Fig. 3. The maximum value of 
8C« is 0*300. For increments «aSf/o*059 = 0*05. SC® (max.) = 0*216 which 
on multiplying by VT to correct for the smaller hx, gives 0*305. Since the 
latter result (using smaller increments) should be closer to the truth we 
may take = 0*310 to an accuracy of about r %, for C = i*oo and 
«aSf/o*059 = 0*1. For hx we have 

hx = {iD . = (o*on8 D/na)l. 

In calculating the total fiux we shall require concentrations in moles per 
cc., so if is the molar concentration of the reacting ions, 

C« / n« \l 



Fig. 3. 
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(I?) - 


Cj. /_ 

lo’**^* \o-on8D/ 




( 6 ) 

( 7 ) 


\i)^ / jftmQ 

We have throughout been using the equation for linear diffusion (2). 
The results will be applicable with little error to a spherical or similar 
electrode of i mm. or greater diameter, as the thickness reached by the 
diffusion layer during a potential ** sweep ** is small compared with this. 
The equation for diffusion to a growing mercury drop *• • is of the same form 


* Ref.p. 35. 

• MacGillavry and Rideal, Rec, Trav. Chim., 1937, 56, 1013. 




CATHODE RAY POLAROGRAPH 


332 

as (2) but with different variables. It can be treated by the same graphical 
method and a comparison of the results obtained from the two equations 
shows them to be practically identical provided that the reduction occurs 
at a late stage of drop growth, and occupies a small fraction of the drop 
life—conditions which hold in practice. Thus (6) and (7) may be taken 
as valid for the dropping electrode in these conditions. 

When applying the results to the dropping electrode, the changing 
surface area must be taken into account. Since the volume of a drop 
increases uniformly with time we write r* = yt and hence 

A = 4rrf'* = 

where r is the radius of the drop, t is measured from the start of its growth, 
and y is a constant depending on the rate of flow of mercury. For the 
diffusion current we have therefore 

‘ (If)...- 

substituting for by (6) and (7), 

/ *==0 

i = , y 2 / 8 / 2 ; 3 „ 3 / 2 ai/ 22 )i/ 28 C. amp. . . (8) 

(o-oii8)i 10* « 

(o-oii8)iio» 

where is the peak value of the current and ip the time at which the peak 
occurs. The numerical value of 8Co(max.) has been used in (9). 

Expression (8) permits the calculation of a theoretical current-voltage 
curve using the values of SC© obtained from the curv'^e of Fig. 3. It will 
be shown in the experimental section that there is good agreement between 
the calculated and experimental current-voltage curves for “ reversible " 
electrode reactions. 

The Charging Current. Since the rate of change of the potential of 
the electrode relative to the solution is fairly high there is an appreciable 
charging current. However, as the rate of change of potential is constant, 
the current is approximately constant except for the increase due to the 
increasing area of the drop when a dropping electrode is used. The rate 
of increase of area is small in the latter stages of drop growth if the drop 
time is fairly long. Since an electrode of at least 7 sec. drop time is usually 
employed, and the potential “ sweep is applied during the last second 
or so of drop life, there is little interference from charging current. It has 
been found to be negligible when measuring diffusion currents due to ion 
concentrations down to io~‘ m. 

Experimental and Discussion of Results 

The apparatus used has been described in Part I.* For all measure¬ 
ments of c — v (i.e. current-voltage) curves a rectangular grid drawn on 
celluloid and placed in contact with the face of the cathode ray tube, was 
employed. Calibration of the horizontal and vertical spot deflections 
in terms of voltage applied to the polarographic cell, and current passing 
through it, respectively, were made as follows. A microammeter with 
a 100,000 ohm resistance in series was calibrated as a voltmeter against 
a standard instrument. The combination was connected in place of the 
polarographic cell and, with the “ vertical ” amplifier switched off, the 
applied potential was varied (by means of control Q, Part I, Fig. i) so 
as to give a direct calibration of horizontal spot deflection against applied 
P.D. Using the “ vertical " amplifier, with the “ horizontar* one switched 
off, and reading current from the microammeter, the same method gave 
a (Vibration of vertical deflection against current. 
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Cambridge Instrument Co, type polarographic cells, and a polarographic 
thermostat bath made by the same firm, were used. All measurements 
were carried out on solutions at 25® c. Except where otherwise stated a 
silver-silver chloride anode of the t5rpe described in Part I was used. 
Voltage scales shown in the plates of c—v curves give the potential of the 
micro-electrode in volts negative to the anode. 


General Form of the c—v Curves 

Stationary Electrodes. Platinum and mercury stationary micro¬ 
electrodes were used. The platinum electrode was prepared by sealing 
a piece of platinum wire into a glass tube leaving about 3 mm. of wire 
projecting. This projecting piece was then fused in an oxy-coal gas flame 
to a sphere about i mm. in diameter. The mercury electrode consisted 
of a small hemispherical mercury meniscus about i mm. in diameter. 
It was formed at the tip of a glass tube, the lower end of which had been 
bent through 180® so as to be directed upwards when the tube w'as held 
vertically with its lower end in the solution. The upper end of the tubs 
was provided with a tap and small mercurj^ reserv^oir so that the electrode 
surface could be renewed at intervals by running through a few drops of 
mercury. 

An automatic potential sweep (cf. Part I) is required for a stationary 
electrode. The interval between successive sweeps must be long enough 
for most of the metal deposited on the platinum, or dissolved in the mercury, 
to return to the solution, and for the concentration in the latter to regain 
uniformity by diflusion. An interv'al of 7 to 10 sec. is usually sufl&cient. 
With a shorter interval the peak height of successive sweeps gradually 
decreases owing to some exhaustion of the solution near the electrode, and 
accumulation of metal on the latter. 

The c—v curve obtained for the reduction of cadmium ion at the 
platinum electrode is reproduced in Plate A. Several curves obtained 
with the stationary mercury electrode for the reduction of lead ion are 
shown in Plate N (the different curves are obtained at different rates of 
change of the electrode potential, and illustrate an effect to be discussed 
later). The c—v curves obtained with the stationary mercury electrode are 
similar in shape to those obtained with the dropping electrode (cp, Plate 
D), and exhibit the peak at the same potential as in the CEise of the latter. 
On the other hand, the peak due to the reduction of metal ions to the 
metal at a platinum electrode is less sharp, and occurs at a more negative 
potential than when a mercury electrode is used (cp. Plate A and F), 
This is obviously related to the solubility of the metal in the mercury. 
Conversely, hydrogen ion reduction occurs more readily at a platinum 
electrode than at a mercury electrode (due to its lower overvoltage on the 
former) ; consequently a platinum electrode is less satisfactory from an 
analytical point of view. Although the same objections do not apply to a 
stationary mercury electrode, this also has disadvantages as compared with 
a dropping electrode. For instance, reproducibility is not so good; but 
in any case, no practical method has so far been devised of renewing the 
mercury surface in such a way that the surface area of the new meniscus 
is always the same, and this has rendered it practically useless for 
analytical purposes. 

Dropping Elfctrode.—Examples of the c—v curves obtained for the 
reduction of various metal ions are shown in Plates B-M. The reproduci¬ 
bility of the traces for successive potential sweeps may be judged from the 
fact that the exposures used for the photographs covert anything from two 
up to five repetitions of the trace. All the quantitative work described 
below was carried out with the dropping electrode. 
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Verification of the Theoretical Equation. 

The experimental c—v curves for the reduction of thallous and lead 
ions shown in Plates C and D are reproduced in Fig. 4 together with a 
number of points calculated by means of eqn. (8). The agreement is good 
and shows that the assumption of reversibility of the ^ectrode process 
is justified in these cases. A comparison of the experimental maximum 
currents (t,) with the values calculated by means of eqn. (9) for a number 
of ions is made in Table I. The base solution in each case was M. KCl* 




0*5 X 10-* M. T1+ in M. KCl. 0*25 x lo-* m. Pb++ in M. KCl. 

Fig. 4. 

The rate of change of potential, a, was 0*267 v. sec.-^, and y was calculated 
from the rate of flow of mercury, which was 5*80 x io“* g.sec.“*. The 
time tp at which the peak occurs is obtained by subtracting from the drop 
time (measured during actual operation) the period between the occurrence 
of the peak and the fall of the drop. The latter is obtained by dividing 
the potential change which occurs between the peak and the fall of the 
drop by a. It appears from the results that under the conditions used the 
reduction of thallous, lead, and cadmium ions proceeds reversibly but that 


TABLE I 


Ion (C* 0‘25 

X 

k 

1 i 2 /a 

A 

cm.* scc.~*. 

1 

(Calcd.) 

^a. 

ip(^xpti) 

MB. 

Diffarenoe 

%. 

T1+ 

7*41 

3*8o 

2*0 X lO“* 

3*52 

342 

- 2*7 

Pb++ 

7*26 

' 3-75 

0*98 X lO”* 

6*88 

b -93 

4- 0*7 

Cd++ 

709 

3-69 

0*72 X IO“* 

5*8o 

6*14 

4" 5’S 

Mn++ 

4*49 

3*72 

0*72 X lO”** 

4*27 


-15 

Zn++ 

5*90 

326 

0*72 X lO”'* 

5-12 

370 

-28 


there is some divergence from reversibility in the case of manganese, and still 
more in that of zinc. The shape of the c—v curve for zinc (Plate G), 
the peak of which is more rounded than in the case of reversibly reduced 
divalent ions, tends to confirm this. 

Irreversible Reduction Processes.— ^The c—v curves for the reduction of 
chromium, cobalt and nickel ions in KCl base solution and of cobalt and 
nickel in a KCl-KCNS base solution, are shown in Plates I-M. The 
concentrations of the reducible ions are all 0*25 x io~«m. (as for the 
reversibly reduced ions except thallous ion), so that the c—v curves are 
comparable among themselves and with those for reversible reductions. 












A. J / TO ^ M. Ccl ‘ ' in M. KCl, B. x lo * M. Pb^^ Cd + ^ , Zn ’ + 

stationnry Pt electrode. in M. KCl. 




VI. i X 10“^* M. in m. KCl. F. J x io“® M. Cci + + in m. KCl. 

[To face p, 334 










G. J X M. Zn* < in m. KC'l. II. J x lo -* m. Mn"" in m. KCI. 



K. J X io-» M. Ni^ >• in M. KCI. L. j x io-» m. Co+^ in m. KCI 

-f M. KCNS. 









lo M. Ni ^ ♦ in M. KCl 


P. Current time curves corre¬ 
sponding to t). 



U. Mazak Alloy A, Cu. Pb. Cd. 


S. Pli peak of R separated and 
adjusted to stantlard height. 
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The most obvious feature of the c—v curves for irreversible reductions 
is the lower, rounded p^k, becoming, in the extreme case of nickel, a mere 
change of slope. This is the efEect to be expected from an electrode process 
which is itsei slow enough to limit the current flowing. The acceleration 
of the electrode reaction resulting from the conversion of the hydrated 
cobalt and nickel ions into their thiocyanate complexes is illustrated by 
the last two of these curves. 

Influence of Various Factors on the c—v Curves. —Eqn. (8) indicates 
that the diflusion current is dependent on the factors n, a, y, 
apart from the concentration of the reducible ion. The nature of this 
dependence will be discussed briefly for each factor. 

(a) Number of Electrons Involved in the Reduction. —^The quantity 
noL(t — fa)/ 0’059 plotted as abscissa in Fig. 3 is converted into vclts by 
multiplying by o«059/«. The scale in terms of volts is therefore inversely 
proportional to n, so that the width of the peak of a c—v curve is inversely 
proportional to n for reversible reductions. This is illustrated by the 
curves for thallous, lead, and bismuth ion reductions (Plates C, D, E). 
Since the time occupied in the completion of the peak is similarly inversely 
proportional to n, a higher value of n increases the speed of the whole 

TABLE II 


a V. •cc.“i. 


Cd++ 0 ' 25 X 

Co+-«‘ IX I 0 -» M. 


ijai. 


»,/«»■ 


«,/«»• 


0*144 

4-38 

11*8 

4-65 

12*3 

6-74 

17*7 

0*177 

4-94 

11*7 

.513 

12*2 

7*23 

17*2 

0*228 

5-64 

11*8 

5-8i 

12*2 

8*10 

17*0 

0*267 

6*17 

ii*g 

6-37 

12*3 

8-7.5 

16*9 

0*332 

6*63 

ii‘5 

7*10 

12*3 

9*65 

16*7 

0-431 

7*40 

11*3 

7*97 

12*1 

10*8 

i6*4 

0*638 

8*85 

ii*i 

970 

12*1 

12*8 

i6*o 

0*882 

10*5 

11*2 

11*2 

11*9 

14*4 

15-3 


process, and so increases the current (other things being equal). This fact 
emerges in the mathematical expression for the current by n appearing 
therein raised to the power 3/2 instead of to the first power (as in the 
Ilkovic equation). 

(b) Rate of Change of Potential. —Eqn. (8) and (9) show that the current 
should be proportional to ai. This has been verified by experiment; 
results for the reduction of thallous, cadmium, and cobalt ions are given 
in Table II. Some decrease in the ratio (current)/od as a increases seems 
to occur in all cases. This is somewhat more marked for cobaJtous ion 
than for the other two ions, but the difference was not so great as was 
expected from the obviously ** irreversible nature of the cobalt ion re¬ 
duction (as judged from the shape of the c—v curve). 

A series of c—v curves for reduction of lead ion at the stationary 
mercury electrode with different values of a is shown in Plate N. The 
actual values of a were 0*144, 0*267, ^*431. 0*638 and 0*882 v. sec.~^. 

(c) Other Factors. The factors y and t in eqn. (8) and (9) appear as 
the product ylfl which is proportional to the surface area of the drop. 
Experiments using one capillary and vaiying drop rates, and using several 
capillaries giving different drop sizes, have prov^ that i, is proportional 
to the surface area of the drop at the time when the peak occurs, but is 
independent (so far as could be detected) of the rate of growth of the drop. 
The diffusion coefficient of the ions in the aqueous solution is present 
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in (8) and (9) as as in the Ilkovic equation. The current is inde* 
pendent of the diffusion coefficient of the metal in the mercury, which 
influences the c—v curve only in so far as the ratio influences the 

potential at which the peak occurs (cp. p. 331). 

Occurrence of Maxima. 

Maxima occur in circumstances similar to those in which they occur 
in ordinary polarography, but rather less readily. That is to say, solu¬ 
tions which give rise to a maximum when polarographed in the ordinary 
way frequently do not give one when the cathode ray polarograph is used. 
This difference probably arises from two causes : firstly, the slower rate 
of dropping of the electrode employed with the cathode ray polarograph, 
and seconiy, the commencement of reduction only when each drop is 
almost fully grown. In ordinary polarography it is established that a 
more rapidly dropping electrode encourages maximum formation,’ and 
this is conspicuously true under the conditions used with the cathode 
ray polarograph. Moreover, it has been found with the latter instrument 
that the earlier in the life of a drop the potential sweep is applied, the more 
pronounced a maximum becomes. Since the rate of increase of surface 
area of a drop is greatest in its earliest stages of growth, and decreases 
continuously, both the above facts point to the general conclusion that 
for a given solution the tendency to maximum formation is greater the 
greater is the rate of growth of drop surface. Consequently the absence 
of reduction during the early stages of drop growth may in part account 
for the relatively infrequent occurrence of maxima in cathode ray polaro¬ 
graphy. 

When it occurs, the phenomenon shows itself as a sudden rise in the 
current either just before or just after the peak in the c—v curve. The 
curve for the reduction of the ammoniated nickel ion (in m. KCl containing 
2M. ammonia) is shown in Plate O; and P shows the current-time curves 
for constant electrode potential during drop formation. The upper set of 
curves was obtained with the dropping electrode at the potential at which 
the maximum occurs, while for the lower set its potential had been made 
more negative. The irregular enhanced current due to a local stirring 
efiect is apparent in the upper curves. 

Analytical Applications of the c—v Curves. 

The peak height is an easily measurable feature of the t)rpical c—v 
curve. It corresponds to i,, which, by eqn. (9), is proportional to the 
concentration of the substance undergoing reduction. Although eqn. (9) 
was deduced for reversible reductions, proportionality between ip and 
concentration has been fully verified by experiment toth for reversible 
and irreversible reductions. In practice, instead of measuring the peak 
height, the main resistance Ri (Part I, Fig. i) is adjusted so as to give 
a peak of standard height and the setting of is used as a measure of ip 
(the actual value of Ri being of course inversely proportional to so 
that the potential difierence ipRi is constant). This method has the 
advantage of eliminating any errors due to non-linearity of response of 
the amplifier or the cathode ray tube. Some of the experimentad results 
obtained in investigations of the range over which there is proportionality 
between concentration and ip are given in Table III. Allowing for devia¬ 
tions due to experimental error, it is clear that there is proportionality 
over the concentration range studied. There is little doubt that this 
relationship could extend over a much wider range, but measurements of 
lower values of ip than the lowest in Table III were not obtainable with 
sufficient accuracy to be useful. 


’ Buckley and Taylor, J. Res. Nat. Bur. Stand., 1945, 34, 97. 
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As an example of the use of ip as a measure of concentration, a calibra¬ 
tion graph for ip against % lead and cadmium in a zinc die-casting alloy 
(Mazak A) is reproduced in Fig. 5. The results were obtained on synthetic 
standard solutions prepared in accordance with a method for the polaro- 
graphic analysis of these alloys which has been published. ® The solutions 
polarographed contain i g. of alloy in 8 ml. of solution. The c—v curves 
shown in Plates R and S are for a typical Mazak A alloy (Cu = 0*0078 %, 
Pb = 0*0060 % and Cd == 0*0014 %)• The second curve is that for lead 
alone, separated out and adjusted to standard size for measurements of ip, 

TABLE III 


Concen¬ 

tration 

M./lOOO 

Pb++. 

Cd+***. 

Zn++. 

Co*^^*. 


Ratio. 


Ratio. 


Ratio. 

ip^^’). 

Ratio. 

I 




_ 


_ 

8*55 

[i6-o] 


12*65 

[32-0] 

n -44 

[32-0] 

7-49 

[32-0] 

404 

7 *6 o 

1 

6*42 

|6-2 

5-83 

16-3 

3-75 

16*0 

203 

3 *8 o 

i 

324 

8-2 

2-87 

8*02 

1-85 

7*90 

1024 

1*92 


1*59 

403 

1-445 

404 

0*935 

3-99 

0*559 

1*05 

* 

0764 

1-93 

0*695 

1-94 

0470 

2*01 

— 

— 

A- 

0 368 i 

0*93 

0-338 

0*95 

0228 

0*97 




Another factor which is important from the analytical point of view 
is the influence, if any, which the reduction of more easily reducible ions 
has on the c—v curve of the ion of which the concentration is to be measured. 
It has been found in practice that, provided the potential sweep can be 
started at a potential at which all earlier reductions are occurring to com¬ 
pletion, while that of the ion under investigation is not occurring to any 
appreciable extent, then the c—curve of the latter is quite unaffected 
by the prior reductions. This separation can be achieved if there is about 
0*2 V. at least between the half-wave potential of the ion of which the 
concentration is being measured and that of any other ion present. This 
is the same minimum difference as permits the 
separation of ordinary polarographic steps. 

It is interesting to compare the current due to 
an ion which is undergoing reduction all the time 
with the peak current for the ion of which the con¬ 
centration is being determined. At time / from the 
start of growth of the drop, the current due to the 
former is given by the Ilkovic equation for in¬ 
stantaneous diffusion current ' : 


. lo^* amp. 



- T 

20 

/ ^ 

fo y 

1 OOfO 


Fig. 5 . 


where C is expressed in moles/ 1 . By comparison 

with {9) for ip, also at time t, and for equal values of C and D, we obtain 


(IS)* - - 


3L 


When w 2, f « 6 sec., and ot = 0*267 v.sec."^, this ratio is about 6, 
Thus the current to be measured is considerably enhanced relative to that 
due to prior reductions. It is, of course, the change in this latter^current 
during the rise of the peak that affects the height of the peak. OAing to 
the factor ti in the expression for this current, its rate of change, at the 


• The Polarographic and Spectrographic Analysis of High Purity Zinc and 
Zinc Die Casting Alloys (H.M.S.O., 1945)• 

12 
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late stage of drop growth at which cuirent peaks are normally obtained, 
is so small as to be quite innocuous. Some experimental results for i, for 
tV X iO“* M. cadmium (£^ = — 0*64 v. relative to saturated calomel elec¬ 
trode) in presence of varying concentrations of lead (£j == — 0*44 v. relative 
to saturated calomel electrode) are shown in Table IV. 

TABLE IV 


Pb*‘ M./XOOO. 

0. 

*• 


L 


(/la.) due to A 






millimolar Cd *• 

1-41 

1*39 

138 

1-38 

1-39 
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Summary. 

By means of an instrument previously described and termed a cathode ray 
polarograph, a micro-electrode immersed in a solution containing small amounts 
of electro-reducible or -oxidisable substances may be subjected to a fairly rapidly 
changing potential and the corresponding changes in the electrode current re¬ 
cord^ on the screen of a cathode ray tube. The diffusion current-voltage 
curve so obtained shows a sharp maximum of the current corresponding to the 
onset of each individual electro-reduction or -oxidation. The theory of the 
diffusion process under tliese conditions is discussed, and a graphical solution 
of the diffusion equation is obtained for the case that the electrode reaction 
occurs reversibly, and that the reactants and products are soluble either in the 
aqueous medium or the electrode material (which may be mercury). Good agree¬ 
ment between theoretical and experimental curves is obtained. Photographs 
of experimental cathode ray traces show the effect on the current-voltage curves 
of slowness of the electrode reaction (irreversible electrode process), of variation 
in the rate of change of potential of the electrode, and of phenomena similar to 
polarographic maxima. 

Experimental data are presented which indicate a strict proportionality 
between the concentration of a substance which reacts at the electrode, and the 
value of the corresponding diffusion current at its maximum. The cathode 
ray polarograph may therefore be used for analytical purposes. 

Chemical Inspection Department^ 

Ministry of Supply, 


THE CALCULATION OF RESONANCE ENERGIES 
FROM THERMAL DATA. 

By J. G. M. Bremner and G. D. Thomas. 

Received i^th June, 1947. 

Dewar ^ has compared the resonance energies of aromatic compounds 
derived from the bond energies of Pauling with those obtained by 
Kistiakowsky et al,^ from heats of hydrogenation. The Pauling method 

1 Dewar, Trans, Faraday Soc„ 1946, 43, 767. 

* Kistiakowsky, et al, J, Amer. Chem, Soc., 1936, 58, 137, 146 ; 1937. 99$ S 31 . 
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3riel(ls the larger values and Dewar, for example, finds that the difference 
for benzene is 5 kcal. and for <?-xylene 13 kcal. To account for this difier- 
ence Dewar concludes that the alicyclic compounds must possess “ reson¬ 
ance ” energy and gives values which support this conclusion. He suggests 
that the Pauling resonance energies of aromatic compounds be corrected 
by subtracting the arithmetic mean of the “ resonance energies of the 
corresponding alicyclic compounds. The application of this correction 
is shown to reduce, for example, the resonance energy of benzene from 
41 to 36 kcal. given by Kistiakowsky. 

Subsequent to Dewar's work, Rossini et al. have published data on 
aromatic • and alicyclic compounds * from which we have derived reson¬ 
ance energies using Pauling's bond energies and heats of atomisation.® 
Since Rossini uses graphite as standard, a correction to the experimental 
heats of formation of 0*45 kcal. per carbon atom • has been made to bring 
them to a diamond basis. The resonance energies of the aromatic com¬ 
pounds given in Table I are a few kcal. smaller than those published by 


TABLE I. 


' 

Compound. 

Pauling Resonanco 
Energy (kcal). 

Compound. 

Pauling Resonance 
Energy (kcal). 

This Paper.* 

Dewar.i 

This 

Paper.* t 

Dewar.' 

Benzene 

39-28 

41 

Cyclohexane 

— 0*87 

2 

Toluene 

42*10 

43 

Methyl cyclohexane 

+1-64 

— 

Ethylbenzene 

41*88 

44 

Ethyl 

■+0-65 

— 

Propyl benzene . 

42-08 

46 

if-Propvl ,, 

+0-75 

— 

«-Butyl 

42*20 


w-Butyi 

+0-45 

— 

n-Hexyl 

41*95 

— 

n-Hexyl ,, 

-fO*20 

— 

«-Octyl ,, 

41*70 

— 

♦f-Octyl ,, 

-~005 

— 

H-Docyl ,, 

41-46 

— 

»-Decyl „ 

— 0*29 

— 

n-Dodecyl ,, 

i 41*21 

— 

«-DodecyI ,, 

-0*54 1 

— 

fi-Tetradecyl ,, 

40*96 

— 

n-Tetracecyl ,, 

-0*79 

— 

tt-Hexadecyl ,, 

40*71 

— 

n-Hexadecyl ,, 

—1*04 

— 

m-Xylene 

Mesitylene 

44*88 

47*79 

50 


— 

— 


Dewar but are, nevertheless, significantly higher than the Kistiako'W'sky 
values (Table III). The method of correction suggested by Dewar, 
originally intended to reconcile the Pauling and Kistiakowsky values, is 
evidently invalid as the mono-alkyl substituted cyclohexanes have, in 
fact, heats of formation in very close agreement with those calculated 
from the Pauling bond energies (Table I). 

The relatively large resonance " energies derived by Dewar for 
cyclohexane and cyclohexene are accounted for by the use of inaccurate 
thermal data. Thus, the heats of combustion he used imply a hydrogen¬ 
ation heat of only 23 kcal. against the Kistiakowsky value of 28*6 kcal. 

Pauling ’ has attributed the lack of agreement between his own and 

•Taylor, Wagman, Williams, Pitzer and Rossini, Bur. Stand. J. Res., 1946, 
37. 95- 

• Prosen, Johnson and Rossini, ibid., 51. 

® Pauling, The Nature of the Chemical Bond (Cornell, 1942), pp. 53, 54, 131. 

• Prosen, Jessup and Rossini, Bur. Stand. J. Re.s., 1944, 33. 447- *♦ 

’ Pauling, loc. cit., p. 134. 

• The difference between the values in the bvo starred columns becomes 
constant at 41*75 kcal. from the butyl derivative onwards. Such figures repre¬ 
sent resonance " energies according |o the Dewar method of correction. 

t The negative sign implies a strain " energy. 
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Kistlakowsky's values to uncertainties in his bond-energy values. This 
view receives emphasis from a consideration of Rossini's heats of formation 
both for a homologous series and for isomeric hydrocarbons. In Table II 
" resonance " energies for the n-paraffins from methane to eicosane have 
been calculated from Pauling's bond energies and Rossini's heats of 
formation. The steady drift in the values could bo eliminated by only 
slight modifications to the Pauling bond energies but such modified values 
would then be less accurate in other applications. Turning to isomeric 
compounds, bond-energy summations make no distinction between the 
isomers. Such constancy is not consistent with experiment. Thus there 
is a variation in the experimental heats of formation amounting to 4 kcal. 
for the heptane and octane isomers,® 3 kcal. for ethyl benzene ® and its 
isomers and 7 kcal. for the butyl benzene isomers.® In the Pauling method 
of calculation such differences in the heats of formation give rise to cor¬ 
responding differences in resonance energies. 

It is clear that in order to calculate resonance energies with an ac¬ 
curacy comparable with Kistiakowsky’s values for benzene, a method is 
required that takes account of molecular structure. Such a method based 
on " group " rather than bond equations, has been advanced by the 
authors • and is of particular value for the treatment of isomers and com¬ 
pounds of high molecular weight. Both the group and the Kistiakowsky 


TABLE II. 


tt'Paraffin. 

CH 4 . 

C«H,. 

C 4 H 1 .. 

QHu. 

C.H„. 

CioH,,. 


Ci4H»o* 

Ci.H,4. 

CisHm. 

^foH4|. 

Resonance • 
energy (kcal.) 

0-25 

-2-4 

-30 

-2*9 

-3-2 

-3*4 

-37 

-3-9 

--4'2 

- 4 '4 

“47 


procedures make a more definite adjustment for hypercoiijugatiori energies, 
common to both the aliphatic and aromatic series, than the Pauling 
method.!® The application of the group method to the alkyl cyclohexanes 
involves the use of the paraffinic hydrocarbons in equations of the type 
(i) whilst the alkyl benzenes are represented by equations such as (2) 
involving cis-2-olefines. 

R 

2 M—C.H,, + CH,—CH—jCH,—CH, = 

where 
R 

2 CHj—CH=CH—CH, + CH,— C=cli— CH, = 

where R=H, 

The heat change for “ reactions " such as (i) and (2) gives, with a change 
in sign, the resonance energy of the cyclic compound involved. The 
resonance energies shown in Table III are obtained by substituting Rossini's 
heats of formation of the paraffins ® and of the olefines in such equations. 

Resonance energies of the aromatic compounds calculated by the 
group method compare well with the recognised Kistiakowsky values. 

« Prosen, Pitzer and Rossini, Bur. Stand. J. Res.^ 1945, 34, 403. 

•^emner and Thomas, Nature, 1946, 158, 593; Trans. Faraday Sac., 1947, 
43, 779; Pauling, ref. 5, p. 134. 

!®Cp. Mulliken, Ricke and Brown, J. Amer. Chem. Soc., 1941, 63,41 and 1770. 

!! I^patrick, Prosen, Pitzer and Rossini, Bur. Stand. J. Res., 1946, 36, 559. 

* The negative sign implies a " strain " energy. 




+ 3 C.H, (2) 
Me, Et, etc. 




. +3C.11. . 

R - H, Me, Et, etc. 


(«) 
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It should be pointed out, however, that the latter are formally equivalent 
to the reaction heats of group equations such as (3): 

' 0 " 0''0 ■ ■ ■ ' “ 

The Kistiakowsky procedure can strictly only be applied to benzene as 
the hydrogenation heats of the higher mono-unsaturated alicyclic deriva¬ 
tives are so far undetermined. Resonance energies for aromatic compounds 
other than benzene are consequently bracketed in Table III. 

Finally, the group method of calculation shows small “ resonance " 
energies for the alk)dcycIohexanes which may be used to correct the reson¬ 
ance energies of the aromatic compounds in the Dewar fashion. Such 
a procedure makes even closer the agreement between the resonance energies 

TABLE III. 


Aromatic Compound. 

Resonance Enei 

Group Method. 

rgy (kcal.). 

Kistiakow¬ 
sky Data. 

Alicyclic Compound. 

Resonance 

Energy 

(kcal.). 

Group 

Methim. 

Benzene 

366 

3 <> 

Cyclohexane 

07 

Toluene 

350 


Methylcyclohexane . 

1*2 

Ethylbenzene 

36’6 1 

(35) 

Ethylcyclohexane 

I*I 

)-Xylene 

37*<^ : 34*5* 1 

( 33 ) 

ti -Propylcyclohexane 

1*3 

•j-Propylbenzene . 

364 1 

— 

w-Butylcyclohexane . 

1*2 

Mesitylene . 

34*0 I 

(33) 



otyrene 

37*9 i 

1 

(37) 




derived from the group method and those from Kistiakowsky's method. 
This type of correction, moreover, is implicit in the Kistiakowsky pro¬ 
cedure as demonstrated by equation ( 3 ). 

The authors wish to thank Mr. J. A. Brayshay for assistance in some 
of the calculations. 


Summary. 

The Pauling and Kistiakowsky methods give different values for the reson¬ 
ance energies of aromatic compounds. This difference is ascribed to the ap¬ 
proximate nature of the Pauling bond energies. An alternative “ group 
rather than bond method, is suggested for referring the aromatic to the aliphatic 
series. This alternative method gives resonance energies in good agreement 
with the Kistiakowsky values. 


Imperial Chemical Industries Limited, 
Billingham Division, 
Billingham-on-Tee$, 

Co, Durham, 


* For the two K 6 kul(S forms 
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REVIEWS OF BOOKS. 

Selected Values of Properties of Hydrocarbons. Circular C461 of 
National Bureau of Standards, 1947. By F. D. Rossini, 
K. S. PiTZER AND Others. (U.S. Government Printing Office, Wash¬ 
ington, D.C.) Pp. 483. Price $2.75. 

This volume is the result of a combined effort by the National Bureau 
of Standards and the American Petroleum Institute, under the direction 
of F. D. Rossini and K. S. Pitzer, aided by some half dozen assistants. 
The object is to select and tabulate the best " values of certain properties 
of hydrocarbons based on the available experimental evidence combined 
with the application of thermodynamics and statistical mechanics. 

The properties listed include boiling-point, refractive index, density, 
freezing-point, molar volume, molar refraction, viscosity, kinematic 
viscosity, vapour pressure, heat of evaporation, heat of combustion, heat 
of formation and, last but not least, all the important thermodynamic 
functions for the gaseous state at a fugacity of one atmosphere. The 
substances listed include paraffins, olefines, acetylenes, alkyl benzenes, 
alkyl cyclopentanes, alkyl cyclohexanes; also in the case of the thermo¬ 
dynamic functions oxygen, hydrogen, nitrogen, carbon, water, nitric oxide 
carbon monoxide and carbon dioxide. 

The tables prepared have been and will continue to be issued in loose- 
leaf form monthly as compiled. The present volume is stated to be a 
complete collection of the tables issued between 1941 (actually since 
1943) and 31st May, 1947. It is planned to publish a second volume 
at the end of the second 5-year period. The tables have been reproduced 
by a photographic process from typescript. As a result the type is not 
uniform, but in all other respects the appearance is good. 

Needless to say the tables will be invaluable to all specialists on hydro¬ 
carbons. Those parts of the tables relating to the simpler compounds 
will also be of great value to a much wider class of research workers, 
especially those concerned with thermodynamics either classical or statis¬ 
tical. Even if at a later date some of the values require to be modified 
it is a tremendous advantage to have collected together a self-consistent 
set of values compiled systematically by one group of experts. The 
reviewer has already made considerable use of some of the tables. 

The reviewer's only criticisms relate to details of presentation. The 
following are samples. 

(a) The description “ compound, monatomic, oxygen " seems a contra¬ 
diction in terms. 

{b) There are 17 tables of a quantity denoted by 5®. The only in¬ 
dication of the definition of S® is in every case but one a reference to a 
footnote of another table, where we are told that S® is the entropy (exclusive 
of nuclear spin) of the given substance in the thermodynamic standard 
gaseous state of unit fugacity (r atmosphere). This is an inaccurate 
definition. Instead of " exclusive of nuclear spin" one should say 
“ exclusive of all nuclear contributions and of contributions from isotopic 
mixing;" A much better description would be " taking as zero the entropy 
at the absolute zero of the crystal in which all molecule are orientated 
in a regular manner." In any case it is misleading to include, as is done, 
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a column stating that at o® k. the entropy of the gas at unit fugacity is 
zero. 

(c) Since the heat of formation of an element at 25® c. is by definition 
zero, it is curious that for the heats of formation of oxygen, hydrogen 
and nitrogen at this temperature a reference is given to Wagman, 
Kilpatrick, Taylor, Pitzer and Rossini. 

(d) In the tables for equilibrium constants of formation the definition 

given of these constants is not merely ambiguous, but nonsensical. It 
is only by indirect inference that one is able to find out that the equilibrium 
constant of formation of for example, H,0 is measured in 

atm."*, not the square of this quantity. 

{e) There is already enough confusion in the naming of the thermo¬ 
dynamic functions. The compilers of these tables make confusion worse 
confounded by, for example, using the name heat content function ** 
to denote “ heat content divided by temperature ’* and likewise free 
energy function ’* to denote ** free energy divided by temperature." In¬ 
cidentally one-looks in vain for any definition of the thermodynamic 
functions. The name free energy is used in the sense of G. N. Lewis, 
not of Helmholtz. 

All these small defects in the presentation suggest that the actual 
preparation of the tables may have been left too much in the hands of 
mere computers rather than experienced physical chemists. However, 
once the user has found out the meaning of each quantity tabulated, the 
usefulness of the tables is nowise diminished by such minor blemishes. 

The chosen unit of energy is the " thermodynamic calorie " defined 
as 4*1833 int. joule. The reviewer is one of many who would have pre¬ 
ferred the choice of the joule. Alternatively it would seem preferable 
to tabulate molar energies divided by the gas constant R, the quotient 
expressed in degrees ; and molar entropies divided by R the quotient 
being a pure number. 

E. A. G. 


A Text Book of Practical Organic Chemistry. By Arthur I. Vogel. 

(London : Longmans, Green & Co. Ltd.) Pp. 1012. Price 42s. 

Since there are already several excellent text-books on practical organic 
chemistry a newcomer to this field must either attain an exceptional 
standard of excellence, or present the subject from a new angle, in order 
that its publication in the present criticid times can be justified. In many 
respects Dr. Vc^el’s book satisfies both these exacting requirements. In 
the first place it is exceptionally complete and in the second it is remark¬ 
ably up to date and possesses a number of novel features not found in its 
contemporaries. The book is written, in the main, at the undergraduate 
level and amply covers all examination requirements. Indeed, it will 
be an unusual student who will find time to read the book from cover 
to cover or to accomplish more than a small proportion of the ^listed 
preparations. 

The first chapter provides an elementary theoretical introduction 
to the subject, whilst the second deals, very fully, with experimental 
technique. The three succeeding chapters give details of the preparation 
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and reactions of aliphatic, aromatic, and heterocyclic and alicyclic 
compounds respectively. The sixth chapter deals with a number of 
preparations and techniques including reactions under pressure, use of 
Raney nickel and copper chromite catalysts. ozonol5rsis, dehydrogenation, 
the Diels-Alder reaction and chromatography, not usually found in an 
undergraduate course. The four chapters which follow this possess 
several novel features. Chapter seven describes the preparation of 
organic reagents used in inorganic and organic chemistry, chapter eight 
gives examples of dyestuffs and indicators, chapter nine deals with 
synthetic compounds which show physiological activity including, for 
example, sulphaguanidine and D.D.T., whilst chapter ten illustrates 
the preparation of synthetic polymers. Chapter eleven furnishes an 
account of qualitative organic analysis and there is a large number of 
excellent and very complete tables of the physical properties of organic 
compounds and their derivatives scattered throughout the book. Finally, 
there is an appendix which provides the student with an introduction 
to the voluminous organic literature. A point of special interest is the 
frequent reference to firms which provide the apparatus illustrated in the 
book. 

In spite of the many valuable features included in this work, some of 
which have been mentioned above, it is doubtful whether it will find 
complete favour with research workers, principally because of the total 
absence of references to the original literature. The author’s style is, 
moreover, somewhat verbose and the book could probably have been 
condensed to three-quarters of its present length without any loss in clarity. 
As is to be expected in a first edition there are some small errors, which 
will doubtless be corrected in due course. The book does not treat the 
subject of quantitative organic analysis. 

D. H. R. B. 


Fundamental Principles and Applications of Induction Heating. By 

Heat-Treater ”, (London: Chapman 8 c Hall.) Pp. 147. Price 
los. 6d. net. 

The title of this book is liable to be misleading to a scientific reader, 
for it contains very little about the fundamental principles of the subject. 
On the scientific side it is both rudimentary and sketchy, and it is probably 
intended for the man in the works rather than the man in the laboratory. 
The whole thing suggests a scissors and paste construction of material 
derived almost exclusively from American technical journals. In this 
respect it may give the impression that British practice is more backward 
than it really is, but it does give a reasonably good idea of the equipment 
that is commercially available in Britain as well as in America, and of 
the kind of production job in which it can be used to the best advantage. 

L. H. 



ON THE DEGRADATION OF LONG-CHAIN 
MOLECULES. PART IL 

By H. H. G. Jellinek. 

Received 2Bth November, 1944; as finally revised lyth March, 1947. 

In Part I ^ we dealt with the degradation of chains having randomly 
distributed weak links. It was assumed that only the weak links were 
broken, the rupture of normal links being negligible. The present paper 
deals with degradation of chains, in which the normal as well as the weak 
links break, each with its own rate constant. We consider a homogeneous 
polymer of initial chain length P^. Each chain has the same number, m, 
of weak links distributed at random over each chain. Weak and normal 
links are broken at the same time and the rate constants for the degradation 
of the weak and normal links have a definite ratio KIK\ 

Distribution Functions.—It is convenient to calculate the weight 
distribution function instead of the number distribution. We can divide the 
process of degradation into two parts. Firstly, only weak links are broken, 
say $i weak links on the average per originsd ch^. By this process a 
definite distribution is obtained, which is given by eqn. (2) of Part I. 
The resulting polymeric material having this definite distribution can now 
continue degradation by breaking, say 5, normal Unks on the average 
per original chain. In reality these two processes occur simultaneously, 
but it is convenient to consider these two processes as successive. 

By breaking the Si weak links per original chain, one obtains a certain 
distribution ; e.g. one gets chains of length P from this degraded material 
by breaking normal links on the average per original chain. We can 
calculate the amount of P-chains obtain^ from P'-chains (P' > P) as 
follows. The weight distribution function or the amount in grams of 
P-chains obtained from i g. P'-chains is given by 

m,.« = P«"»{r - Op(i + - J) 

(see Schulz, Simha, etc., for reference, cp. Part I), where a" is the degree 

of depol3rmerisation given by Sg/P®, or more precisely — (i.e, the 

P§ —‘ m 

probability of breaking one normal link in the original chain). Since 
there are only g. (mpd" is given by the weight distribution function 
derived in Part I) of P'-< 3 iains present, the amount of P-chains actually 
obtained is given by the product x my*. Since all chains bigger 
than P yield P-chains during degra<mtion, one has to shna from P -f i 
to Pg — I. For large values of Pg all summations can be dealt with by 
integration. Further, a certain amount of P-chains is already present 
and a definite portion of them will degrade. The amount left is then 
given by Lastly, there is some undegraded material 

left, of which a certain part will be degraded by rupturing normal link;^ so 
that the whole weight distribution function starting with i g. of chains 
of length Pg reads as follows (m < 6, cp. Part I). 

* Jellinek, Trans. Faraday Soc., 1944,40, 366. 
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The number distribution function is obtained by dividing by P or P, 
respectively. 

Average Chain-length.—The number average chain-length is, as always, 
given by 

P =s ss — 


where )S is the number of fragments into which, on the average, each chain 
degrades. 

The weight average chain-length is obtained by putting the weight 
distribution function into the general expression for the weight average 
chain-length: 

p _ £0_ 

ffo 

I ^p*9 1. f i« m • 

Jo 

IjSvaluation leads to an expression for the weight average chain-length 
as follows where (i — a") P is taken = e”«"P : 


»{(=?)'[f.X'--']+(T)e) {^r" ■ Lx.-^ 1 

+ {s)‘'”'+‘"[s+iiT7j- 


w i) IT,*' 


sJ+2 
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We can also obtain the weight average chain-length by approximate 
integration using Simpson's rule, which may in some cases be more con¬ 
venient ; one proceeds as follows, taking, for instance, AP = loo: 
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»1, f,* ^ ^ “1“ 

+ 4[Wp^^ . loo + fnp^ . 300 + . . . . (P* - 100)] 

+ + ^^00 • 400 -I- . . . . (P, 200)]. 

In order to illustrate the above discussion a special case may be con¬ 
sidered. The initial chain-length may be 1000, each chain having 5 
weak links and the ratio of the rate constants for the weak and normal 
links may be KIK* ^ xooo. First one has to calculate corresponding 
average breaks per chain Si and for weak and normal links. These 
are obtained as follows (compare Part I): 

^ s= K'i and — In^i — ^ K ,i. 

By dividing these equations, one obtains the corresponding Si and 5* 
_ 5, K\ 1 

- 3 " 

$i and are then inserted in the relevant distribution functions. 

Fig. I shows the inhomogeneity U (cp. Part I) as dependent on the 


Fig. I. —Dependence of inhomo¬ 
geneity on number of average 
breaks per chain. 

I, m = o ; y =sa I. 

II. w =a 5 ; y = I; weak and 
normal links breaking, 5 =» 5* -f 5,. 
KIK' « io». 

III. m = 5 ; y = I ; only weak 
links breaking. 

IV. m *= 5 ; y = 0*6; only weak 
links breaking. 



average total number of brealm per original chain for m =5 5 and 
KjK sss 1000. The cases tn ss o and w = 5 (weak links only breaking) 
are indicated. 

It is important to note that the weight average chain-lengths in Part I 
and in this paper are calculated on the assumption that Staudinger's vis¬ 
cosity rule holds. This has, of course, to be tested experimentally in 
each individual case. For example Mark * and co-workers found that 
for polystyrene samples a relationship of the type lim iy„/c *=: iC. Pv 

holds, one has therefore in this case to evaluate the weight average chain- 
length according to the general formula 



^-Py-dp] 


Wi». dP 




*Mark» Alfrey and Bartovics, /. Anur, Chem. Soc., 1943, 65, 2319. 
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which are such that regular (two-dimensiongUy crystalliiie) sheets are 
superposed without any regularity (except for a constant separation) 
and are held together by relatively weak forces. 



* ¥ ig . I. —(a) The montmorillonite structure. 


The structures which have been accepted as a basis for the interpretation 
of the results reported here are, for montmorillonite, the Hofmann-Endell* 
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Wilm-Maegdefrau structure ^ modified by the iucorporation of Hendricks** 
ideas about isomorphous replacement, and for halioysite the Hendricks- 
Brindley-Robinson-MacEwan • structure. These structures are shown in 
Fig. I (a) and (d). 



Fig. I.—(6) The halioysite structures. 


Two structural sheets irregularly superposed are shown. 

The magnesium content of montmorillonite is from i to 2/3 per unit 

cell (containing 4 slix-co-ordinated ions), so the replacement rate shown here 
(Mg++ in 5 octahedral positions out of 18) is rather higher than the average. 

Tn both structures, the octahedral positions are shown occupied in a regular 
way, as in pyrophillite. The ^tual arrangement may be less regular. 

In the lower montmorillonite sheet, some of the rings of six oxygen ions are 
indicated by means of dotted lines (one side of each hexagon has been omitted 
to avoid confusion). Each ring has a hole in the centre, beneath which is an 
OH-* ion (see Fig. 4). ♦, 


^ Hofmann, Endell and Wilm, Z. Krisi., 1933, I Maegdefrau and 

Hofimann, ibid., 1938, 98^ 299. 

‘Hendricks, /. Geoi., 1942, 50, 276; cp. also Ross and Hendricks, U.S* 
Ceol. Survey, 1945, No. 205-B. 

• Hendricks, Amer. Miner., 1938,33,395 ; Brindley, Robinson andMacEwan 
Nature, 1946, 157, 225. 
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In ab90Tptiye reactions with these minerals, mc^ecules can penetrate 
between the structural sheets, thus expanding the wh<^ crystallite 
structure, a change which can be followed on an X-ray powdeif diagram. 
X-ray diagrams of these materials show two separate series of lines (or 
bands), one due to the two-dimensional crystallites " (indices ihkJ), 
the other a single series of orders, indexed (oof), due to the intersheet 
separation. Only the latter series changes in adsorption reactions, and 
from it the (ooQ spacing, and thus the separation of the structural ^eets 
may readily be deuced. Hendricks * has pointed out that valuable in¬ 
formation about the configuration of adsorbed molecules may be deduced 
from such data for montmorillonite complexes with organic cations, which 
may replace the mobile intersheet-cations present in natural montmorillon¬ 
ite. He used organic substances in water solution, in accordance with 
the usual base-exchange technique and found evidence for structures 
with one and two layers of organic groupings between the structural 
sheets. 

The work described here is concerned with a different type of adsorption 
complex, in which the adsorbed molecules are not appreciably ionised. 
The technique used is different from Hendricks*, as ^sorption of the 
pure liquids is studied, and water is, as far as possible, eliminated. Ad¬ 
sorbed molecules in this type of complex are playing essentially the same 
role as water in the “ hydrates ** of montmorillonite,* and hydrated 
hallo3rsite. This type of adsorption complex with montmorillonite has 
also been studied independently by Bradley.* In this paper attention 
is particularly drawn to the importance of the information on adsorption 
forces given by the halloysite complexes, especially in conjunction with 
those of montmorillonite. 


Experimental. 

Formation of Complex.—The montmorillonite complexes can be formed 
by bringing the air-dry montmorillonite into contact with the complex-forming 
liquid (cp. formation of complexes in some earlier experiments with the poly- 
hydric alcohols). An oriented aggregate ^ was used as the specimen for X-ray 
photography ; this was moistened with the liquid, and the exposure made while 
the montmorillonite was kept moistened with the liquid, as follows. The mineral, 
together with an excess of liquid, was loaded into a thin-walled soda glass capillary 
tube (about | mm. diam.) which was then sealed off in the flame at each end 
about I cm. from the specimen. With copper radiation this gave noticeable 
diffraction, but not enough to interfere with the measurement of the montmorillon¬ 
ite lines. In loading the tubes, a small mound of montmorillonite, covered 
with liquid, was placed on a watch glass. The tube, cut square at the end, was 
dabbed on to this until enough montmorillonite had collected in it; this was 
then pushed to the centre of the tube, excess liquid displaced from the tube and 
the sealing done. 

With the type of complex discussed here in which adsorbed molecules are 
playing the same role as water in hydrated montmorillonite, all trace of water 
should be removed. Anal3r8es of glycol complexes as is shown below, may well 
contain a mixture of water and organic liquid, and the quantities of the two are 
related. In order to ensure the ^mination of water, the montmorillonite was 
covered with a large excess of liquid in a test tube and this was then boiled until 
about half its volume remained. The contents were then poured on to a watch- 
glsMS, and the specimen-tube loaded immediately. For some of the lower- 
boiling liquids the montmorillonite was dehydrated at xoo* in vacuo over cold 
Pa(^, and the liquid then run over it without breaking the vacuum. 

Halloystte Gomplaxei.— The halloysite complexes present a special prqblem 
because of the irreversible nature of the dehydration of h3rdrated halloysite. 
Halloykite from which the intersheet water has been removed (metahaltoysitey 
even at low temperature, will not readsorb water, nor in geomBl organic liquids.. 

* Hendricks, /. Physic, Chsm,, 1941, 45, 65. 

* Bradley, Grim and Clark, Z, Ansf., 1937, 97^ 2x6. 

* Bradley, /. Amsr, Cham, Soc,» X945, 973. 

^ Nagelschmidt, J. Sci. Instr,, 1941, 18, too. 
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An exception is ethylene glycol • which may be adsorbed incompletely by meta- 
halloysite. In forming fa^lloysite complexes, it is therefore essential to start 
with an existing complex (including in tWs term hydrated hallo3r8ite) and displace 
the intersheet molecules by others, avoiding the formation of metahalloysite. 

In general, natural hydrated halloysite was used as the staging material. 
It was covered with a large excess of the complex-forming liquid, and left for 
about an hour, with frequent shaking, but without heating, except in a few 
cases where it was heated to ioo° c. 

X-Ray Photography. 

A 9 cm. diam. powder camera of the type already described was used, with 
filtered CuK radiation and the camera was evacuated during exposure. Spacings 
up to 30 A. could be recorded with ease, the limit being about 35 a. Rotation 
of the specimens during exposure was not necessary and was seldom used. The 
photographs were measured visually; comparison with results obtained using 
a microphotometer showed this to give quite accurate results. Only the first 
order of the basal spacing was measured though occasionally when higher orders 
were visible they were measured and the mean value of d(ooi) taken (the differ¬ 
ence in the values never being more than a few tenths of an a.). 

Materials.—Two different samples of montmorillonite were used. With 
alcohols, the fraction between about o*i and 0*05 (effective spherical diam.) 
of a commercial Wyoming bentonite, artificially ammonium-saturated during 
fractionation was used. It gave an X-ray diagram, showing only montmorillonite 
lines. For most of the other work, a very pure Ca++-saturated montmorillonite 
described by Mackenzie,* was employed. With some liquids both the Ca**"^- 
and NH4+-montmorillonites were tried as adsorbents. No important difference 
in the spacings obtained was found. 

The halloysite used was a natural hydrated form from Hungary, and was 
kindly given by Dr. Lea. of the Building Research Station. Watford, who also 
supplied the following analysis, which shows it to be extremely pure : SlOf, 
40*3 % ; AljO,. 34 % ; Fe, 0 „ o*i6 % ; TiO„ 0*00 % ; CaO. 0*05 % ; MgO, 
0*14 % ; loss on ignition, 25*3 % ; total 99*95 %• The X-ray diagram also 
shows no extraneous lines : it was therefore used as a standard. 

The organic chemicals used were Analar or pure laboratory grade. The 
ethylene glycol, diethylene glycol and ethanediamine were purified by redis¬ 
tillation before use. 

Results and General Interpretation. 

“ A-values.”—The results are conveniently given, not in terms of the (001), 
spacing (which includes the space occupied by the sheets of the mineral itself), 
but of A, the " clearance space " ; this is more or less equivalent to the space 
available for the adsorbed molecules between the structural sheets and is derived 
from measurements of the '* basal spacing " in the following way. From 

^mv determine the perpendicular distance between the planes con¬ 

taining the centres of the superficial oxygen atoms or OH groups in neighbouring 
surfaces of any two successive sheets. The quantity A is taken as this distance 
leas twice the van der Waals radius of oxygen, according to Pauling (cp. Fig. 2). 
It is the width of the space available for adsorbed molecules between the sheets, 
on the assumption that v^ der Waals binding is operative, and that the molecules 
do not pack down appreciably into the hollows of the surfaces. No deep hollows 
are left between neighbouring atoms or groups of the same layer, but there exist 
" holes " on both sides of the montmorillonite sheets, and on one side of the 
halloysite sheets, corres^nding to the spaces where the K+ions fit in the analogous 
mica structures (vide Fig. 2 ; and Fig. i for structurEd detail). 

In calculating A, the thickness of the montmorillonite sheets (measured 
perpendicularly, from one plane of oxygen ions to the other) was taken as 6*6 a., 
which is close to the value for musco^te and rather larger than that for pyio- 
phyllite and the thickness of the halloysite sheets (O^ ion plane to OH~ ))iane) 

•MacEwan, Nature, 1946, 157, 159. 

• MacEwan,/. Soc. Chem. lnd„ 194b, 65, 298. 

Pauling, The Nature of the Chemical Bond (Cornell University Press). 

Jackson and West, Z. Krisi,^ 1959* 

Gniner, ibid., 1934, 4^2 » S^hiurbericht, III, p. 159. 

* Mackenzie, Trans, Faraday Soc,, 1948, 44, 368. 
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was taken as 4*4 a., which agrees with Gruner's kaolinite value. Adding twice 
Hne van der Waals radius of O to these values, we get 9*4 and 7*2 A. respectively 
as the quantities which must be subtracted from tiie measured values of d (001) 
to give A. 



Fig, 2. —schematic section through the halloysite structure, showing the sig¬ 
nificance of the quantity A. The upper layer of ions are the OH” groups of 
one sheet, the lower layer are the O" ions of the next. Two glycol mole¬ 
cules are shown in the intersheet space. The lower O" layer has two holes, 
below which OH~ ions are shown at the correct depth. This arrangement is 
merely diagrammatic. Any line of O" ions on the surface of the halloysite 
sheets will either show no gap at all, or a gap in every alternate position (see 
Fig. 4). For montmorillonite, both surface layers would be like the lower one 
shown here, 

Monohydric Alcohols*—The difference in properties of montmorillonite and 
halloysite as adsorbents is illustrated by their reactions with the monoh)'^dric 
alcohols. The results for the straight-chain alcohols are shown in Table 1 and 



Fig, 3.—^Values of A for the straight-chain monohydric alcohols, plotted against 
the number of carbon atoms in the chain. Tbie white circles refer to mont- 
morilonite complexes, the black and white circles to halloysite. The point at 
ordifiate corresponds to i: 3-propanediol (1} C atoms per OH group). 

Fig. 3, relating A with the number of C atoms in the alcohol molecule. No 
complex is formed with halloysite by alcohols higher than ethyl, since A ^ o. 
Since the starting material was hydrated halloysite in each case, tl^ result 
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shows that not only is no complex formed but the existing intersheet water 
is extracted by the alcohol. The value of for the samples treated with 
i*propanol and i-butanol is larger than d(ooi) for heat-treated metahalloysite, 
or kaolinite, and the basal reflection is rather diffuse. This may indicate that 
there are some residual adsorbed water molecules, or alcohol molecules. 

In the case of methanol and ethanol, complexes are formed, as shown by the 
relatively high value of A. The values, however, are not veiy different 
from that of the original hydrated halloysite, i.e. io*o a. (owing to the irreversible 
nature of the dehydration process with halloysite, all complexes must be formed 
with hydrated halloysite—or another complex—as a starting material) so that 
the conclusion may appear unjustiflable. It was impossible to verify this 
by an analysis of the amounts of water and alcohol present since only a veiy 
limited quantity of hallo3^te was available. Their existence, however, is 
supported by the following arguments. 

(1) With the methanol complex, at least the d(ooi) value differs by an amount 
in excess of the experimental error: in the case of some other complexes (see 
below) the difference is much greater. 

(2) I-propanol and i-butanol have a marked dehydrating effect on the 
hydrated halloysite. The dehydrating effect of methanol and ethanol must 
be even stronger; it is inconceivable that unaltered hydrated halloysite will 
remain after treatment with methanol or ethanol. 

The van der Waals diameter of the CH,-group in methanol should be^® 
about 4*0 A. Actually the A-value for methanol is considerably lower, 3*4 a. 
Thus the contact between the CH,-group in methanol and the neighbouring 
oxygen atoms of the halloysite sheets cannot be determined purely by van der 
Waals forces ; an extra binding force must be operative. Its existence between 
CHj- or CH,-groups linked directly to O, and silicate oxygens has already been 
postulated by Bradley on the basis of one-dimensional Fourier syntheses of 
montmorillonite complexes, and, with little doubt, his assumption of a hydrogen 
bond between the C and the neighbouring oxygens is essentially correct. The 
C—O bond in methanol is appreciably polarised, leaving the C with a deficiency 
of electrons ; the H atoms will therefore be left positively charged, and be at- 
racted by the negative oxygen ions of the halloysite sheets. The alcoholic 
oxygen may also form hydrogen bonds either (a) with OH groups belonging to 
other alcohol molecules, or (b) with 0“ ions and OH groups belonging to the 
halloysite sheets. There might also be binding between the C and the OH 
groups of the halloysite sheets. 

The complex with ethanol should show a larger A-value than that with 
methanol, since it has a CH, group not linked directly to O, which therefore 
should be little affected by the C—O bond. The low result found is due to in¬ 
complete adsorption, as is indicated by the diffuseness of the basal spacing and 
occasional appearance of a line in the neighbourhood of 7 a. Similar results 
have been found with certain other halloysite complexes (see also Fig. 3). 

With I-propanol, and all the higher ^cohols, a structure is formed in which 
a monomolecular layer of the alcohol goes between the montmorillonite sheets 
(cp. Fig. 3). The value of A for these complexes is almost constant, and about 
equal to the van der Waals diameter of a CH,- or CH,-group.This shows, 
not only that van der Waals binding is an effective agent in complex formation 
with these alcohols, but that the alkyl residues all lie as flat as possible between 
the montmorillonite sheets, as is clearly brought out by the results for branched- 
chain and cyclic alcohols. 4-Heptanol and 2-ethyl-1-butanol show results of 
the same order of magnitude as those for the straight-chain alcohols. T^rf.-amyl 
alcohol, and cyclohexanol, on the other hand show a markedly higher value of A. 
Clearly a secondary alcohol, or an alcohol with only one branch in the chain, can 
lie flat so as to take up no more room, in a direction perpendicular to its plane, 
than a straight-chain alcohol. A tertiary alcohol, or six-ring cyclic alcohol, 
on the other hand, cannot do this without severe distortion of v^ency angles. 
The fact that about the same value of A is obtained for cyclohexanol as for a 
tertiary alcohol incidentally shows that in the cyclohexanol molecule the valency 
angles are not appreciably distorted, i.e., the molecule has a puckered, and not 
a flat form.'* ♦ 

'•Grunar, Z. Krist, 1932, 83, 75. The recent kaolinite determination of 
Brindley and Robinson (Miner. Mag., 194^* 242), which has appeared 

since this paper was completed, would give 4*3 a. 

'* Hassel and Kringstad, Tids, Kjem%>Bergv., 1930, 10, 128; Wierl, Ann, 
Physih,, 1931. 8, 521. 



TABLE I. —^Values of A in a. for Montmorillonite and Halloysite Complexes. 
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In tlie case of ethanol and methanol, the A-values for the montmorillonite 
complexes are about twice those for the corre^nding halloysite complexes^ 
and for the montmorillonite complexes with the higher ^cohols. This sug^ts 
that with these ^wo monomolecular layers are formed between the montmoriUon- 
ite sheets. Now the surfaces of the montmorillonite sheets are each formed by 
a layer of negative oxygen ions and thus behave rather like sheets with a uniform 

diffuse negative charge. Such sheets will 
have an orienting effect on polar molecules 
in their vicinity, the positive ends being 
attracted, and each sheet will therefore tend 
to collect a layer of such molecules on both 
its surfaces, so that between such sheets 
there will be fwo layers. In the case of 
non-polar molecules or groups, only the van 
der Waals force of attraction between them 
and the montmorillonite sheets need be con¬ 
sidered. Since this force is non-directional, 
the question of orientation does not arise, 
and a single monomolecular layer may 
be held in common by two neighbouring 
montmorillonite sheets. 

Thus markedly polar molecules would 
form a two-layer structure, and non-polar 
molecules a one-layer structure, as is found 
experimentally. Very strongly polar, highly 
associated liquids link on even more than 
two layers (e.g. acetonitrile and nitro- 
methane). The energy involved in forma¬ 
tion of extra layers is markedly different 
from that of the first layers, which are 
linked directly to the structural sheets of the 
mineral, therefore the alcohols give only the 
“ minimum layer structures. Some polar 
(or polarisable) groups appear to be necessary 
for adsorption, because saturated hydro¬ 
carbons do not form complexes (see below, 
and Table I). Presumably, therefore, as the 
hydrocarbon chain of a monohydric alcohol 
Fig. 4.—^The processes of complex is made longer and longer, adsorption 
formation with montmoril- gradually diminishes. (Cetyl alcohol, the 
Ionite and halloysite : (top) only alcohol above heptyl examined, shows 
polar molecules (with mont- definite adsorption.) 

morillonite), (middle) mainly The necessity of polar groups for adsorp- 
non-polar molecules, with tion is no doubt bound up with the fact that 
polar groups (with mont- the montmorillonite sheets are charged, and 
morillonite), (bottom) polar are held together by mobile positive ions in 
molecules (with halloysite). the spaces between the sheets. The energy 
The specific role of hydrogen of formation of a purely van der Waais 
bond formation, which is im- adsorption-complex is presumably insufficient 
portant, has been neglected, to lead to the break-up of file complex 

(charged sheet)-ion-(charged sheet). But if a 
few polar groups are present, these will tend to con^egate about the charged spots 
on the sheets and about tlxe positive ions. This will result in an effective increase 
of the radius of the ions, and a consequent diminution in electrical stress. The 
resulting structure may be more stable than the dehydrated montmorillonite 
structure, in which the bare '' cations occur between fie structural sheets. 

With halloysite, only highly polar molecules give complexes. Here the clay 
mineral sheets are themselves polar, so that there is no tendency for two layers to 
form with polar molecules. Fig. 4 illustrates schematically the various su^ested 
processes of complex formation. 

Folyli3rdric Alcohols. —The montmorillonite complexes with dihydric alcohol 
have been investigated by Bradley,* and for the monohydric alcohols he finds, 
in agreement wto tiie present results, that two-layer complexes are formed 
with up 4o two carbon atoms per OH group, and single layer complexes with 
more. 

With halloysite, single layer complexes were given by the four polyhydric 
alcohols used, and this is in conformity with the results for the monohydric 
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alcoliols^ for they all have not more than two carbon atoms per OH group. Like 
ethanol, i : 3-butylene glycol is on the border line, and gives only an imperfect 
complex. 

The big rise in A on going from ethylene glycol to i: 3 pr^anediol must be 
due to the extra space taken up by the central CHf group, which is not attached 
to oxygen. This dihydric alcohol has 1^ C atoms per OH group and in this respect 
it is intermediate between methanol and ethanol. It has been plotted in this 
position in Fig. 3 to show that there really is a rise from the methanol value, 
thus confirming that the low value for ethanol is spurious. A low value is 
similarly shown by i: 3-butanediol; the (001) reflection is very diffuse. 

The methods and results of the ethylene glycol complex are described by 
Mackenzie * but a short discussion of the relevant results is given here. The 
minimum amount of glycol needed in absence of water to produce a well-marked 
complex (i.e. with d^ooii = a., showing several successive orders) was 

%» which corresponds to 3*3 molecules per unit cell. If glycol molecules 
lying flat (with both carbons and both oxygens in contact with the montmorillon- 
ite surface) are stacked as closely as possible in a monomolecular layer, there 
will be about i'75 per unit cell of montmorillonite, i.e. about 3-5 per unit cell 
for the double layer, in close agreement with the experimental value for the 
minimum glycol content found by Mackenzie. The flat conflguration for the 
glycol molecules is the one necessarily deduced from the A-values of the mont- 
morillonite and hallo3rsite complexes ; Mackenzie's results show that the whole 
internal surface " of the montmorillonite crystallites is covered by a more-or- 
less close-packed layer of molecules. The number of molecules per unit cell 
does not approach an integral number but appears to be determined solely by 
the space required for each molecule. 

Addition of extra glycol beyond the minimum necessary does not alter the 
complex but if some water is present, less glycol is necessary to form the complex, 
the water needed being proportional to the glycol deficiency in the molecular 
ratio of about 6:1. A complex with equal weights of water and glycol still 
showed the same regular structure and X-ray diagram (though the detailed 
intensities may have differed slightly) as a pure glycol complex, i.e. the glycol 
molecules set the pattern into which the water molecules fit, Bradley • has 
observed that characteristic complexes are formed by montmorillonite by 
adsorption of e.g. glycol and sucrose from water solution, and has suggested 
that the organic molecules are preferentially adsorbed. Our results, however, 
suggest that caution must be exercised in drawing this conclusion, since the 
complexes were unlikely to l>e free of water. 

Maintaining the polyhydric alcohol complexes with halloysite (always kept 
covered with liquid) at 100° c. for 1-2 hr. was found to leave them completely 
unaffected. Water does not therefore appear to enter into the constitution 
of these complexes. Hydrated halloysite, however, loses its inter-sheet water, 
even when immersed in water, at 50° c., so the organic complexes evidently have 
a considerably higher temperature-range of stability. The extra stability of the 
ethylene-glycol-halloysite is also shown by the fact that metahalloysite, which 
will not ch^ge to hydrated halloysite on immersion in water, may give glycol- 
halloysite on immersion in glycol. The change, however, is seldom complete 
—generally, a residue of unaltered metahalloysite is left. This is true of naturally 
hydrated halloysite which has been dehydrated over Pt05 in vacuo at room 
temperature—in this case, the residue amounted to about 20 %. A Missouri 
halloysite, which was m^|ahalk)ysite when received, gave a similar result. 
Dehydration at higher temperatures results, however, in a material which is 
less affected by glycol; thus after heating natural hydrated halloysite to 75* 
for 12 hr., it was unaffected by glycol. 

When halloysite is dehydrated at a low temperature, the resulting 7*2-7*5 a. 
reflection is diffuse, especially towards larger angles. It sharpens and moves 
outwards on heating to progressively higher temperatures,^* and it is clear that 
at the same time the susceptibility to glycol treatment decreases. Apparently 
therefore, on. initial low-temperature dehydration, the halloysite sheets are super¬ 
posed in a non-regular fashion, and many of the O and OH ipns in neighbouring 
sheets are too far apart to form effective hjrdrogen bonds. It may be also that 
some residual water molecules are present between some of the sheet#. The 
glycol reaction is initiated at these points of weakness," and goes on until 
complete In the region of these points. Heat treatment expels residual water, 

* Mackenzie, Trans, Faraday Soc„ 2948, 44, 368. 

Brindley, Robinson and MacEwan^^ 1946, 157, 223. This observat 

tion was originally made by Brindley and Robinson. 
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^ttd enables the sheets to move sli^^tly over each other until hydrogen bonding 
between them becomes fully effective, thus eliminating the points of weakness. 

Ethers. —Bradley • has pointed out that ethers and pol3rethers form complexes 
with montmorillonite of essentially the same nature as those formed by the 
polyhydric alcohols. The montmorillonite complexes mentioned are all of the 
two-layer type, so their (ooi) spacings did mot allow any definite conclusions to 
be drawn as to the space requirements of their molecules. One-layer structures 
would be anticipated with halloysite. The polyethers used by Bradley were 
not available, but Table I shows results for 5 mixed ether-alcohols. The A-values 
for diethylene glycol, triethylene glycol and methyl cellosolve are essentially the 
same as for ethylene glycol, so that the ether linkage must have the same effect 
in complex formation as the alcohol linkage. This confirms Bradley’s supposition 
of a G—H—O bond. 

The A-values for ethyl and butyl cellosolve are certainly spuriously low due 
to incomplete adsorption. In fact, both show a reflection in the region of 
7*5 A. as well as one in 10-ii a. region, indicating that the halloysite has been 
partly dehydrated. The fact that i: 3-propanediol which, like ethyl cellosolve, 
contains one C not linked to O gives a good complex suggests that the central 
CH, group in i: 3-propanediol may have a slight tendency to H bond formation, 
due to the influence of the two carbon atoms of enhanced electronegativity to 
which it is attached. 

In 1:4 dioxane, all its C atoms are linked directly to O, consequently a good 
one-layer complex with halloysite and a two-layer complex with montmorillonite 
are expected. Actually, it does not give a true complex with halloysite although 
there is evidence of a tendency to be adsorbed (diffuse basal spacing) ; and the 
complex with montmorillonite has a A-value of 5*6 a ., which is obviously too 
low for a double layer. Apparently this peculiarity must be connected with 
the cyclic structure of dioxane, which does not permit all the C atoms to come 
into the most favourable position for adsorption. 

Amines. —A number of montmorillonite complexes with polyamines have 
been investigated by Bradley.* They all give a one-layer structure, with a 
A-value of about 4*3 a., i.e. about the same as for the high monohydric alcohols. 

With halloysite, ethanediamine has been found here to give a good single¬ 
layer complex with a A-value of 4*5 a., about the same as for the montmorillonite 
complex. Diethylamine and i: 2-propane-dianiine gave no definite complex. 
Thus, the CH, ^oups take up their full volume so there is no indication of 
C—H—O bond formation. The stability of the ethanediamine complex must 
be mainly due to N—H—O bonds. These results are linked with the much lower 
electronegativity of N, as compared with O. Diethylamine behaves differently 
from any of the alcohols in giving one-layer complexes both with montmorillonite 
and halloysite. 

Halo^enated Compounds. —2-Chlorethanol gives a halloysite complex with 
a A-value of 3*7, about the same as for ethylene glycol. This indicates that the 
C—Cl link has a marked effect in stabilising the complex. With montmorillonite, 
chlorethanol gives a two-layer structure as expected. 

Two photographs of halloysite treated with bromethanol showed no trace 
of any 7*5 a. reflection. Probably this substance forms a complex, but the basal 
reflection may be diffuse, or masked by general scattering from the excess liquid. 

Ketones, Aldehydes, Nitriles, Nitro-compounds. —The three simplest 
members of this group (excluding formaldehyde, which was not tried) all give 
halloysite complexes with A-values indicating an appreciable contraction of the 
C—H—O distance, the contraction being greatest for acetonitrile. This is particu - 
larly inteiesting b^use acetone, acetaldehyde and acetonitrile all contain CH^ 
groups linked to C only, whereas the other substances giving low A-values contain 
only C atoms which are linked directly to a more electronegative element (com¬ 
pare the high A-value for trimethylene glycol, which contains a CH, group linked 
to C only). It appears as if the groups C =*0 and C=N must be regarded as 
being electronegative as a whole, and capable of withdrawing electrons from C 
atoms to which they are linked. This must be due to the high polarisation of 
these multiple links, giving C+~ 0 " and C+sN*". The effects of the C®N group 
is greater than that of C= 0 , and shows the influence of increasing multiplicity 
of the bond. Nitrogen is less electronegative than oxygen and this is apparent 
in the complexes formed by the axialogous substances ethylene glycol and 
eldianediamine; the C—contraction is much greater for the former. 
Despite this, the triple-bonded nitrogen is more effective than the double-bonded 
oxygen in enhancing the electronegativity of an attached carbon. In contrast 
to the alcohols and ethers above, the C—O grouping can have only a small effect, 
if any, on the next C atom attached to it. 
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Kitroxnethane gives a very low A-value with halloysite, indicating tight 
bondi]ig‘~~*CDxnpare the high value shown by ethanediamine which also contains 
C—-N bonds. Here the induence of the partial double bonds to O in enhancing 
the electronegativity of the nitrogen is apparent. 

With montmoriUonite, acetone gives a two-layer complex; acetromtrile and 
nitromethane are exceptional in giving a very large spacing of about 20 a. (A ~ 
about 10*4). This probably corresponds to three layers (cp. below). It is note¬ 
worthy that the two substances which give three-layer coniplexes both have 
very high dipole moments, and are probably highly associated in the liquid state. 

Hydrocarbons* —Bradley • has shown that benzene gives a two-layer com¬ 
plex with montmoriUonite, in which the benzene molecules are closely bound 
to the montmoriUonite sheets. This has been confirmed here, the complex¬ 
forming properties of a number of other hydrocarbons have been investigated. 
Benzene itself was found to give rather a diffuse basal spacing; on addition 
of a polar group (nitrobenzene), a substance is obtained which gives an exceUent 
complex with several orders of the basal spacing. Naphthalene gives a complex, 
but shows signs of less complete adsorption than benzene. 

Aliphatic hydrocarbons give no complex. BoUing in w-heptane resulted in 
the complete coUapse of the basal spacing to 10 a. (the minimum observed in 
practice); boiling in w-hexane gave a very diffuse basal spacing varying from 
II to 12 A., evidently due to traces of adsorbed water, not completely removed 
by the treatment. 

This result is in disagreement with Sedletskij and Jusupoya who suggested 
that aliphatic hydrocarbons are adsorbed by montmoriUonite in such a way 
that the hydrocarbon chains are stretched between the montmoriUonite sheets, 
thereby explaining the occurrence of high (001) spacings in montmoriUonite 
samples found in the vicinity of natural oU, but apparently it was not confirmed 
by the use of pure hydrocarbons. Experiments with straight-chain alcohols 
here suggests that, even if complexes were formed with hydrocarbons, the chains 
would lie flat between the montmoriUonite sheets, as they do in the alcohols. 
Sedletskij and Jusupova's observations may be due to adsorption of another 
component of the natural oils, and not of aliphatic hydrocarbons, or else that the 
mineral used was different from montmoriUonite. 


II. STRUCTURAL CONSIDERATIONS. 

Interatomic Distances and Molecular Configuration.—Spacing meas¬ 
urements on the halloysite and montmoriUonite complexes give no direct infor¬ 
mation on the location of the organic molecules. With regard to the single-layer 
complexes, if we assume that the carbon atoms are half-way between the struc¬ 
tural sheets, we can calculate the distance between the plane in which they lie and 
the neighbouring plane of O* (or OH“") ions. This assumption is justified for 
montmoriUonite, where the sheets are identical on the two sides, and probably so 
for halloysite, on the grounds that: (a) to displace the C atom from the central 
position would shorten one of the C—O distances. They are already so short in 
some of the haUoysite complexes that this seems iU-advised ; (b) using the C—O 
distances deduced from haUoysite complexes, a reasonable interpretation of the 
montmoriUonite data is also obtained. 

The quantities obtained in this way do not necessarily represent true C ---0 
distances, since the carbons nfay not lie exactly above the oxygens to which 
they are Unked, but may be displaced sideways. However, since the intersheet 
molecules are probably more or less irregularly disposed, it is likely that different 
molecules wiU be in different relative positions at any one time. If the mole¬ 
cules are able to move, the C—O distance deduced as above will be the clear¬ 
ance distance for this motion (see below). There can be no doubt that these 
distances have a comparative value. 

Some CH—O distances deduced in this way are given in Table II. These 
cover nearly the whole range from the maximum possible CH—Q distance (with 
H occupying its normal van der Waals' space) to a distance which is about equal 
to the sum of the C and O van der Waals' radii, i.e., in which the H appear%to 
occupy no effective space. The gradual contraction of* the CH—O distance 
on going up the table may be equated with increasing strength of hydrogen bond¬ 
ing. The strongest hydrogen bond therefore corresponds to an interatomic 
distance which is about equal to the sum of the van der Waals' radii of the parti¬ 
cipating atoms. This is in accord with oth^ cases of hydrogen bonding.^® 

Sedletskij and Jusupqra, CompU rend., U.R.S.S., I945# 4^$ 27. 
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The van der Waals* radii used here are those given by Pauling^® except for 
carbon and hydrogen. For carbon, the radius adopted is 1*7 A., which is half 
the C—C distance between molecules of crystalline hexamethylenetetramine. 
This is probably a particularly reliable value, since in this substance the H atoms 
are '* staggered ** so as to allow the closest approach of the CHu groups, and the 
structural determination is a " classical " one (cp. 

Pauling gives 1-2 a, as a mean value of the radius of hydrogen, but the 
value 1*35 a. has been used here for hydrogen contacts with the O- and OH~ 
ion layers of montmorillonite and haUoysite. since this gives better agreement 
■with observed values. 

Data such as those of Table II are only useful if the molecule exists in such a 
configuration, or can readily adopt such a configuration, that effective CH—O 
contacts are made on both sides, i.e. for all the molecules listed there. Glycerol 
and 1:3-propanediol, however, demand special consideration for in these mole¬ 
cules the central groups (CHOH or CH,) cannot rotate. 

TABLE II.— C—H—O Bond Distances in Halloysitb Complexes. 


Complez'fonning Substance. 

C—H— 0 Distance (a). 

Nitromethane. 

3*05 

Methanol ......... 

3*1 

Acetonitrile ......... 

3*1 

Acetaldehyde ........ 

3*2 

Ethylene glycol ........ 

3*25 

Acetone ......... 

3*35 

I : 3-Propanediol (central C) .. 

3*b 

Ethanediamine ........ 

3*65 

Nitrobenzene ♦ (in montmorillonite) . . . 

2*4 

Sum of C and 0 (v. der Waals radii) .... 

3*1 

—(!h —0 distance (v. der Waals contact, linear arrangement) 

3*7-3*8 


* Assuming benzene rings make van der Waals contact with each other (3*7 A.) 

In cases like these, an attempt was made to find configurations in which the 
maximum width of the molecule was as low as possible (allowing for short 
CH—O and OH—O contacts where necessary). It was found that the maximum 
width thus obtained corresponded closely with the A-value actually observed. 
Such maximum widths are given under Aoaio. ii^ Table I—^they are generally 
obtained from scale drawings. Fig. 5 (a) and (ft) show such drawings for glycerol 
and 1:3-propanediol, and Fig 5 (c) for ethanediamine. In this case the CH,NH, 
groups are free to rotate ; the particular configuration illustrated enables an 
NH—O contact to be made ; the CH, hydrogens are given their full radius. 
The close correspondence of the maximum molecular widths with the A-values 
is striking, for it shows that no account need be taken of possible packing of the 
molecules into the holes in the O" ion layers (Fig. i, 2). 

Theoretical A-values may be obtained for the one-layer montmorillonite 
complexes in the same way, and are given in Table I. As expected, the ethane¬ 
diamine complex with montmorillonite has about the same A-value as the halloy- 
site complex, and the A-values for the long-chain monohydric alcohols are also 
alx>ut the same as for the i: 3-propanediol complex with hallo3rsite. In the 
long-chain alcohols, the least width is taken up when the chains are stretched 
out as straight as possible. Fig. 5 (d) shows an end-on view of such a chain. 
Its thickness is equal to : 

(covalent radius of C -f- covalent radius of H) X 2 cos 35® H- 2 (van der Waals' 

radius of H) =» 4*45 a, 

which is close to the observed value of A. The diminution in A for the highest 
alcohols is accompanied by increasing diffuseness of the basal reflection, and prob¬ 
ably indicates that the complexes are less perfect. 

Dickinson and Raymond. J. Amer, Chem. Soc., 1923, 45. 22; Gorell and 
Kask, Z. pkysik, Chem,, 1923, 107, iSi; Bull, Grimm, Hermann and Peters. 
Ann. Physik., 1939, 34 * 393- 
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Seconda^ and branched^duun alcohols should take up the same space as 
stzaight-chain primary alcohols, This is true of 2-ethyl-i*butanol; of the two 
secondary alcohols, 4-heptanol gives a markedly low spacing and 2-octanol gives 
a very diffuse basal reflection, no doubt due to imperfect adsorption. On the 
theory of the function of polar groups outlined earlier, one would expect secondary 
alcohols to be less readily adsort^d than corresponding primary alcohols, for 
active groups at the ends of the molecular chains can more easily pack themselves 
around charged cations t^n can those in the middle (note that the alkyl chains 
between the montmoriilonite sheets must be straight, and cannot bend without 
distorting valency angles). 



■I 
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Fig. 5.— Packing diagrams of organic molecules, showing the method of deducing 
theoretical A-values. The molecules are all depicted in an end-on view. 
Hydrogen atoms of OH" and NH," groups, and those engaged in hydrogen 
bond formation, are not shown, {a) Glycol in halloysite. (6) i: 3 Propan^iol 
in hahoysite (OH“ group shaded), {c) Ethanediamine in halloysite. The 
largest group attached to the carbon is NH,. (d) An end-on view of a 
long alcohol chain, showing two CHg units, (f) Cyclohexane ('* chair " 
form)—the OH group is not shown, only the cyclohexane ring. (/) One 
way of foldmg up 2-methyl-2-butanol. The OH" group is shaded, and the 
C to which it is attached is blackened, {g) A possible two-layer arrange¬ 
ment for glycerol. (A) Another two-layer arrangement for glycerol (only 
bne molecule shown). (A) The suggested arrangement for i: 4-dioxane in 
montmoriilonite. 

Cyclohexanol and 2-methyl-2-butanol are shown in Fig. 5 [e) and (/). Of 
the various ways of curling up the latter molecule, that illustrated gives the 
smallest spacing and also the right value of A. 

For the two-layer montmoriilonite complexes the molecules are assumed to 
make CH--0 and/or CH ~-0 contacts with the montmoriilonite sheets at the 
distances determined from the halloysite complexes and to make ordinary van 
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der Waals contacts with each other. The molecules are therefore oriented so as 
to secure the lowest possible value of the maximum width (between parallel 
planes touching the molecule). Twice this maximum width is taken as the 
theoretical A-value. The radius of hydrogen for van der Waals* contacts be¬ 
tween molecules has been assumed to be i«2 a. (Pauling’s mean value). 

Fig- 5 (g) W illustrate the procedure for glycerol. The former shows 
how Ihe two layers are superposed in a possible arrangement: this leads to a 
slightly high A-value (8*7 a.). The second figure shows another arrangement 
of the molecule, which leads to the right value. It is no doubt significant that 
this is about the lowest value which can be reached with any orientation. 

Other complexes have been treated in the same way. For acetone, the value 
obtained is too low (7*5 a.) if it is assumed that the CHa groups can rotate so 
as to take up the most favourable position. It has therefore been assumed they 
are fixed such that one of the C—H bonds is in the plane of the carbon atoms 
and directed away from the symmetry axis of the molecule. Such a configuration 
might be imposed by interaction between the CH, groups. 

TABLE III.— Observed and Calculated F Values for Nitrobenzene and 
Acetonitrile Complexes with Montmorillonite 


l. 

F (nitromethane). 

F (acetonitrile). 

F (calc.) 

I 

50 

51 

-1-66 

2 

27 

28 

+ 15 

3 

II 

14 

— 20 

4 

22 

23 

— 20 

5 

0 

0 

“h 5 

6 

32 

30 

-f28 

7 

20 

21 

f 25 

8 

7 

8 

-}- 3 

9 

12 

II 

-18 

10 

19 

16 

— 22 

II 

12 

8 

+ 15 

12 

7 

8 

4 - I 


For the three-layer complexes, a molecule of the middle layer is assumed to 
make normal van der Waals contacts with all other molecules. Otherwise the 
principle is the same as before—that orientation of the molecule is adopted in 
each layer which gives the lowest value of the maximum width. For both 
CHjNO, and CH,CN, only the CH3 group need be considered, since this is the 
widest part of the molecule. The A-values obtained in this way show good 
agreement with the observed values. 

For nitromethane, equally good agreement could be obtained by the assump¬ 
tion that the molecules are forming a two-layer structure by standing on end, 
the CHj groups being in contact with the montmorillonite sheets. For aceto¬ 
nitrile, however, this would lead to too large a value of A. If the molecules 
were assumed to lean at an angle of about 45®, A could be brought down to the 
right value but this arrangement seems unlikely, and if the CH3 groups were 
close-packed, the structure as a whole would then become rigid and immobile 
—which would contradict the assumption that it is essentially liquid. 

. The observed F values are derived from intensities estimated visually by means 
of a wedge. No correction was made for the Lorentz and polarisation factors, 
since the effect of preferred orientation on the intensities is so uncertain. In 
calculating the F values, the organic atoms were neglected. The / values of 
James and Brindley • were used. 

One-dimensional Fourier syntheses were also performed from F values ob¬ 
tained from photographs of oriented aggregates steeping in the organic liquid. 
Nitromethane and acetonitrile gave almost identical photographs and the 
sjmtheses obtained (Fig. 6) were definitely in favour of the three-layer structure. 
The signs of the.^rms were derived from the contribution of the clay mineral 
sheet alone, and as Table III shows, they could in most cases be chosen quite 
unamlfiguously. By changing the sign of the doubtful terms (8 and 12), the 
synthesis could be made to approach more closely to what would be expected 

•Z. Krist„ig^i, 78, 470. 
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from a two-layer structure, but not sufficiently so to make it seem very probable 
(note that the high contribution from the terminal oxygens in nitromethane 
which should be about equal to the A 1 +++ contribution, is never very evident). 
The sharpness of the peaks suggests that the organisation in layers is perfect, 
even with ^ese three-Uyer structures. 

A substance which offers special interest from the point of view of molecular 
orientation is 114 dioxane. This might occur in two forms—the cis (“ boat *') 
and trans (*' chair "') forms. The former form would be expected to give a one- 
layer complex with halloysite, with A-value of about 4*0 a. (in which the four 
CH, groups link on to the O- ion layer, and the two oxygens to the OH“" layer), 
and a two-layer complex with montmorillonite with about double this spacing. 
In fact, no complex is obtained with halloysite, and the A-value of the montmor¬ 
illonite complex corresponds neither to a single layer nor to a double layer, if 
the molecules are lying flat. 



Fig. 6. —One-dimensional Fourier synthesis of nitromethane-montmorillonite 
(above) and acetonitrile-montmorillonite (below). Rather more than half the 
repeat distance is covered so as to show all the peaks due to organic mole¬ 
cules. The assumed positions of the atomic groupings are indicated by 
strokes. The small intermediate peaks are probably due to diffraction. 
The dotted curve shows the effect of changing the sign of the term for 
I = 8 . 

These results are easily understandable if the true configuration of the mole¬ 
cule is trans (“ chair "), The disposition of the positive (CH,) and negative 
(O) groups makes it impossible for all the former to make contact with the O- 
ion layers, and the latter to point away from it. In the montmorillonite complex, 
there seems good reason to brieve that, in contrast to all the other complexes 
investigated, the molecules are not lying fiat. If the plane of the carbon atoms 
is perpendicular to the structural sheets it is possible for two carbon atoms to 
be bound to one sheet, and the other two to the other sheet, with the oxygen 
atoms in the middle. It is similar to a double layer except that, so to speak, 
the two layers are combined in one molecule. It leads to a A-value of 5*9 a., 
which is close to that found. The adsorption characteristics with montmorillon- 
its and halloysite thus provide fairly strong evidence that the true configuration 
of the dioxane molecule is trans. This agrees with what Salmena found, on the 
basis of the Raman spectrum.'* ' 

The Nature of the Adsorbed Layer. —The agreement between observed and 
calculated ” values of A (Table I) is on the whole excellent even though*the 
** calculated " values, even for multilayer complexes, have been obtained 
simply by summing the width between parallel planes of the molecules in each 
layer, after allowing for shortened contacts where necessary. It has not been 
necessary to take account of the numerous holes in the O- ion layers into which 

'* Saksena, Proc, Indian Acad, Set,, A, 1940, 12, 321. 
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molecules might pack» nor to allow for any degree of packiiig between the layers, 
even the very limited degree of packing represented by the thickest part of one 
molecule coming above the thinnest part of another. In the case of the t ; 3- 
propanediol molecule for instance, the maximum thickness of 4*3 a. (for the 
two-layer complex) is shown only by the central CHj group ; the two end-groups 
are over i a. thinner. The assumption that the thin part of one molecule lies 
above the thick part of another would give a A-value of about 8 a., in poor 
agreement with the observed value. 

Apparently, therefore, each la3rer of molecules occupies its full '' clearance 
space " in the c-axial direction, i.e. the space necessary to allow its molecules to 
move freely over a plane parallel to the surface of the structural sheets. This 
would mean that the adsorbed layers are in the state of a two-dimensional liquid, 
hrmly adhering to the clay surface, but able to move over it in a random manner. 

Additional evidence for the liquid nature of the adsorbed layer are (a) the 
extremely labile nature of the complexes which is such that one complex is changed 
to another by washing with excess of another (miscible) liquid ; (6) that there 
is not a simple integral number of molecules per unit cell, as expected for a 
crystalline arrangement of the adsorbed molecules on the clay surface. 

The Structure of the Water Complexes, —The water complexes are as labile 
as the organic complexes (cp. the stability of the vermiculites, which also contain 
intersheet layers of water molecules, apparently not replaceable by organic 
liquids •). This suggests that the water molecules are in a regular crystalline 
array, such as that suggested by Hendricks and Jefferson.** In the case of 
montmorillonite and halloysite it seems more probable that the water molecules, 
like the organic molecules, are in the state of a two-dimensional liquid. 

The observed spacings for water complexes * accord with the idea of clearance 
space between layers, taking the diameter of a water molecule as being about 
3 A., for the values of <f(ooi) ^or the successive hydrates differ by this amount. 
The water complexes are unique apparently in giving up to four layers ® (when 
in contact with excess liquid) due to the very high degree of association of liquid 
water. It is clear, however, that with water the exchangeable cations and 
perhaps also the base-exchange capacity have a considerable influence on the 
structure formed.* The clay used by Bradley, Grim and Clark was electro- 
dialysed, and so may have contained some A1+++ ions in exchange positions. 
Not all samples of montmorillonitic material give a four-layer complex with 
water ; e.g. octophyllite montmorillonite (unpublished results) gives a one-layer 
complex when NH4+ saturated, and a two-layer complex when Ca++ saturated. 
Redhill Fuller’s earth (Ca++ saturated montmorillonite) also gives a two-layer 
complex.*® These materials give normal results with glycerol and glycol. Since 
the water molecule is so much smaller and the effect of co-ordination about the 
cations should be very important. No influence of the cations on the number 
of layers has been found with the organic molecules studied. 

In the halloysite-water complex, the packing of the water molecules in each 
layer must be fairly open, for numerous analyses have shown a water content 
of only about four molecules per unit cell (six would correspond to a close-packed 
structure). In montmorillonite, the influence of the exchangeable cations may 
well lead to a denser type of packing, at any rate in their neighbourhood ; this 
is suggested by Mackenzie’s results for the replacement rate of glycol by water, 
and by the results of Bradley, Grim and Clark. 

Relatioiisliip of the Complexes to the Clay Structure.— -Glycerol and glycol 
complexes have been obtained with a variety of montmorillonitic minerals 
(montmorillonite proper, nontronite, saponite. Hector clay, but not beidellite), 
and with montmorilfonites saturated with various cations, and no important 
differences have been noted. On the whole it seems likely that all the mont¬ 
morillonite minerals behave in essentially the same way, but there may be 
•differences in detail. In the case of halloysite there is not much room for vari¬ 
ation in composition, and one would expect substantial uniformity of behaviour. 
Experiments with glycol, glycerol and chlorethanol have so far shown no differ¬ 
ence between different h^oysites. 

It seems clear that the common structural feature of montmorillonite and 
halloysite which is necessary for the formation of the type of interlaced com¬ 
plexes discussed here is the absence of crystalling regularity in the super-position 
of the structural sheets. Even if crystalline regularity can be relayed over Ihe 
thickness of a water layer, by means of water molecules in fixed positions, as 

*• Hendricks and Jefferson, Amer, Miner,, 1038, 33, 863. 

*® Emodi and MacEwan (unpublished). 
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probably occurs in vermiculite, it is difficult to see how the same regularity could 
be preserved with all the water replaced by any of a variety of other molecules* 
If an existing regularity were destroyed by complex formation, however, the 
energy required to do tMs would probably preclude the formation of a complex 
altogether, so that the water-structure would be stable towards potentially 
complex-forming substances (as that of vermiculite appears to be •). Alter¬ 
natively, a new truly crystalline phase might be formed. Such a reaction, 
however, even if occurring at ordinary temperatures, would be limited to one or 
two favourable substances, and would not include whole groups of substances 
as the montmorillonite and halloysite complexes do (cp. above). 

Absence of crystalline regularity does not imply complete absence of regularity. 
The conditions of growth of halloysite and montmorillonite may be such that 
the structural sheets grow in a roughly parallel arrangement which will be 
subsequently preserved. Such approximate parallelism would not be detectable 
in a Debye-Sherrer diagram. The high degree of irregularity of montmorillonite 
and halloysite is no doubt associated with the conditions of their formation, at 
a low temperature, in the presence of water molecules. This will favour structures 
of high free energy. 

Relationship to Surface Adsorption. —It seems likely the structure of the 
adsorbed layers discussed here is similar to that of adsorbed films on the surface 
of a crystal. In the three-layer complexes the conditions in the middle layer 
must be simulating those in the free liquid, except that the organisation in layers 
is preserved, and the number of layers is limited to three. It seems probable, 
however, that the general conclusions about orientation of molecules and type 
of binding would also hold for the actual surface of the crystallites. 

The great value of clay minerals of this type for the study of adsorption 
phenomena is that phenomena which are strictly analogous to, and indeed, very 
nearly identical with, those of surface adsorption, may be studied with the 
ordinary type of X-ray technique adapted to macrocrystalline material. 

I wish to thank Dr. Beevers, of the Dewar Crystallographic Laboratory, 
University of Edinburgh for facilities for taking some of the photographs, 
and to Dr. Mackenzie and Dr. Dion, Macaulay Institute, and Dr. Percival, 
University of Edinburgh, for helpful conversations. The experimental 
work (first part) was done mainly at the Macaulay Institute for Soil 
Research, and the second part at Rothamstead Experimental Station. 

Summary. 

Adsorption complexes, formed by montmorillonite and halloysite with a 
variety of organic liquids, have been prepared and studied. In these complexes 
the organic molecules enter between the structural sheets of the clay mineral, 
and arrange themselves in parallel layers, in the form of a two-dimensional liquid, 
and, with certain exceptions, to lie as fiat as possible. Montmorillonite com¬ 
plexes with one, two and three such layers are described, but hallo3^ite com¬ 
plexes have not been obtained with more than one. The relationship of this 
type of adsorption phenomena to surface adsorption is briefly discussed. 

The results obtained with the halloysite complexes provide direct confirmation 
of Bradley's suggestion (based on montmorillonite complexes) of CH—O bond 
formation to the oxygen ioi! layer of the clay mineral surface. Comparative 
data on CH—O bond lengths, derived from measurements on the h^oysite 
complexes, are given, which show the effect of increasing electronegativity 
of the attached atom, and increasing multiplicity of the bond, in enhancing the 
electronegativity of carbon. 

These complexes are useful in determining molecular configuration, e.g. 
results given here support the puckered structure for the cyclohexane ring, and 
the Irans structure for the i: 4-dioxane ring. 

Macaulay Institute for Soil Research, Pedology Department, 

Aberdeen. Rothamsied Experimental Station, 

Harpenden, Herts, 
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Recent investigations in this laboratory of the complexes formed 
between montmorillonite and organic compounds ^ revealed the desira¬ 
bility of a quantitative investigation into one of the alcohol-montmorillonite 
complexes. The complex with ethylene glycol, which gives a well- 
defined (001) spacing of i^'i a., was chosen. So far as has been ascer¬ 
tained, the only data available on this complex are those given by Bradley,* 
who, using an experimental method based on the difference between the 
vapour pressures of glycol and water, found that i mol. glycol displaces 
2 mol. HgO from the two-water layer configuration and i mol. HjO from 
the one-water layer configuration. In the present investigation, however, 
the glycol and water contents of specially prepared, samples of montmorillon¬ 
ite (hereafter referred to as “ treated clay,'* and samples with no glycol 
as untreated clay *’) were determined directly by means of the Karl 
Fischer reagent, and correlated with X-ray data for the same samples. 
The results obtained have added to our knowledge of the conditions which 
must obtain before the 17-1 a. spacing is observed. 

The Karl Fischer reagent,*- * which consists of a solution of Ij and 
SO a in CHjOH and pyridine, enables the direct and accurate titration of 
water in amounts as small as 2 mg. with normal titration apparatus. 
Much smaller amounts of water may be accurately determined by the use 
of a weaker reagent * and suitable apparatus.* It must be strongly 
emphasised, however, that on account of its extreme sensitivity to moisture 
every precaution must be taken to eliminate adventitious moisture.* 
In addition to water, alcohols can, inter alia, be conveniently and accur¬ 
ately assayed by the reagent, the procedure involving quantitative esteri¬ 
fication in the presence of BF, as catalyst.’ The normal procedure for 
alcohol determination had to be modified slightly to permit accurate 
results to be obtained in the presence of clays. 

Although several organic ’• * and inorganic compounds • react directly 
with the reagent, interference by such compounds can generally be elimin¬ 
ated or allowed for. In clays the only interfering substances likely to be 
present are MnOt which reacts stoichiometrically and can be allowed for, 
and FegOi which reacts but not stoichiometrically. The “free" Fe^Oa 

* MacEwan, (a) Nature, 1944, 154, 577; {b) J, Soc. Chem. Ind., 1946, 65, 

298 ; (c) Trans. Faraday Soc., 1948, 349. 

* Bradley, /. Amer. Chem. Soc., 1945, 67, 975. 

«Fischer, Angew. Chem., 1935, 4 ®» 394- 

* Smith, Bryant and Mitchell, J. Amer. Chem. Soc., 1939. 61, 2407. 

*Levy, Murtaugh and Rosenblatt, Ind. Eng. Chem. (Anal.), 1945# i93. 

* Acl«r and Frediani, ibid., 1945, 17, 793. 

’ Bryant, Mitchell and Smith, J. Amer. Chem. Soc., 1940, 62, i. 

* Bryant, Mitchell and Smith, ibid., 1940, 62, 3504. 

»Mitchell, et al., ibid., 1941, 63, 2927 ; Zimmermann, Fette Seifen, 1939, 46, 
446. 
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content of the montmorillonite here used was very small (vide infra) 
so the Fischer reagent appeared to offer promising possibilities for the 
determinations involved. Fischer • has already employed the reagent to 
determine the amount of sorbed water in Fuller's earth, but his results 
are somewhat anomalous in that while he gets good agreement between 
the amounts of water determined by the reagent (15*6 %) and by heating 
at 120® (15*5 %), his dry clay gave a titre equivalent to i*6 % water. No 
account was taken of possible interfering substances. 

The samples of clay for X-ray examination were introduced into thin 
glass capillary tubes and immediately sealed to prevent alteration in 
moisture content by exposure to the atmosphere. The X-ray data for all 
samples were supplied by D. M. C. MacEwan. 

Experimental. 

Purity of the MontmorlUonite. —^The montmoriUonite used was the fine 
fraction (< o*2f* equivalent spherical diam.) of an American bentonite, of un¬ 
known locality of origin, supplied by the English China Clay Sales Co., St. Austell. 
Cornwall. This fraction was separated by the Sharpies Supercentrifuge, dried 
at 100° c. and ground in a mechanical agate mortar. After separation, it was 
predominantly Ca-saturated. Preliminary tests indicated high purity, e.g. 
A-ray examination showed the presence of no accessory minerals; the base 
exchange capacity was 102 m.equ./ioo g.; the amount of Fe^O, soluble in sodium 
hydrosulphite was only 0*1 %. This amount of Fe| 0 , should be too small 
to interfere appreciably with the use of the Fischer reagent. 

Reaf^ents and Apparatus. —Fischer reagent: 84*7 g. were dissolved in a 
mixture of 667 ml. methanol and 269 ml. pyridine and 64 g. liquid SO* weighed 
into the solution.^ a.r. chemicals were used as far as possible. a.r. 
methanol was found to be sufficiently dry without any pretreatment. The 
pyridine was dried by treating with CaH, and distilling. Standardisation of 
the reagent was performed daily, as recommended by Smith, Bryant and 
Mitchell.® 

The ethylene glycol used in preparing the complexes was distilled twice, 
and contained o'i3 % water, as determined by the Fischer reagent. The 
esterifying reagent was prepared by dissolving 100 g. boron trifluoride and 1-2 
ml. water in i 1 . glacial acetic acid.^ BF* was obtained by distilling, in an 
all-glass apparatus, 150 g. NaBF4 with 50 g. B,Os and 150 ml. cone. H,S04, 
and washing the gas by bubbling through cone. H,S04 saturated with 

Since the Fischer recent rapidly attacks rubber, the titration apparatus 
consisted of a gravity-filling burette with an all-glass feed system. Air entering 
the system was dried by CaClt and cone. H,S04. Montmorillonite did not mask 
the colour change at the end-point, so no electrical method for determining the 
end-point was necessary. Esterifications were performed in 250 ml. glass-, 
stoppered bottles immersed in a thermostat at 67® c. To prevent ejection of 
the stoppers or leakage of moisture into the bottles, the stopper and neck of 
each bottle was protected by a cellophane cover, which was tightly held in place 
by a rubber band and metal bar. 

Procedure. 

(«) Deter^nation of Water in Clay Samples. —A sample which would be 
expected to give a titre of 10-20 ml. (about 0*2 g. at atmospheric humidity) was 
accurately weighed and titrated in suspension in 5 ml. methanol in a dry 250 ml. 
glass-stoppered bottle. A simultaneous determination was carried out on 5 ml. 
methanol, and from these results the water content of the montmorillonite 
calculated. 

(M Preparation of Samples of Treated Clay.— In order to obtain clay 
^ples with different glycol contents, 3 g. samples of montmorillonite were shaken 
in centrifuge tubes for about i hr. with 45 ml. of a 50 % solution of ethylene 
glycol in water. After centrifuging, the centrifugate was rejected and each 

Galabutska3ra and Govorova, Min 1934, 9, 27. 

Inorganic Syntheses, 1939, 1, 2^, 

See, e.g. Carter and Williamson, Analyst, 1945, 70, 369. 
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sample washed with a different amount of water, varying from 0-70 ml. in two 
wash^gs, and in each case the clay was shaken with the water for 2 hr. before 
recentrifuging. 

Varying water contents for a constant glycol content were obtained by 
dividing each of the above samples into 4 parts by quartering the deposit in the 
centrifuge tube and subjecting each fraction to one of the following treatments : 

(а) dr5dng at 100° c. in an oven, 

(б) standing in a vacuum desiccator over P|0,, 

(c) standing in a vacuum desiccator at 50 % r.h., 

(d) standing in a vacuum desiccator at 75 % r.h. 

Since quartering was done only roughly and the clay was not sieved before use, 
these 4 fractions would probably not contain identical proportions of coarse 
and fine material (cp. later). When sufficiently dry, each fraction was finely 
ground in an agate mortar, then (6), (c) and (a) were allowed to stand for at 
least a further 2 days under the controlled conditions, while (a) was heated at 
100® c. for at least a further 2 hr., before determinations of the glycol and water 
contents were performed. 

(c) Determination of Glycol in the Presence of Montmorlllonite. —^Appli¬ 
cation of the procedure of Bryant, Mitchell and Smith,’ using a 4 % solution of 
glycol in dioxan, gave apparent recovery percentages in the region of no % 
in the presence of montmorlllonite, and 98 % in its absence. The exceptionally 
high figure of 110% was attributed to decomposition of some of the clay by the 
esterifying reagent. By including a blank determination with untreated clay as 
well as the normal blank, a satisfactory method was evolved, the recovery per¬ 
centage (using the dioxan solution) now being 99*0-100*2 %. The method as 
applied to the treated clay was as follows. 

Two samples of o*i to 0*4 g. treated clay were weighed into two dry glass- 
stoppered bottles and two samples of oven-dry untreated clay into two similar 
bottles. The water contents of one sample of treated and one of untreated 
clay were determined as described above. To each of the remaining bottles 
were added 10 ml. of the esterifying reagent, another 10 ml. of which were run 
into another dry glass-stoppered bottle. These three bottles were then fitted 
with the cellophane cover and metal clasp, immersed in the thermostat at 67® c. 
for 2 hr., removed and allowed to cool. In order to destroy the reactivity of 
the esterifying reagent, 5 ml. of pyridine were added to each bottle. The 
mixtures were then titrated in the usual manner. 

(d) Calculation of Results.—^The titration figure for the contents of the 
bottle containing the treated clay is the sum of the titre for : 

(1) glycol, 

(2) blank, 

(3) water content of the treated clay, 

(4) amount of decomposition of the clay by the esterifying reagent. 
Components (2), (3) and (4) can be calculated from the determinations already 
made, but since the correction for (4) is based on the weight of diy glycol-free 
clay, (i) can be got only by successive approximations. In practice, (4) being 
small, the second and subsequent approximations gave identical results, so the 
figure given by the second approximation was taken as the correct result. 

For the first approximation the following equation was derived : 


Vt - 


where V = vol. reagent for glycol present in g. treated clay; = vol. 

reagent for blank ; r, = vol. reagent for blank -f tn g. untreated clay ; v, = 
vol. reagent for blank 4- g. treated clay ; = vol. reagent for 5 ml. MeOH ; 

= vol. reagent for 5 ml. MeOH -f- m' g. untreated clay; = vol. reagent, 

for 5 ml. MeOH 4- w,' g. treated clay. The term Vj is the correction for the 
blank, (v^ — correction for the water content of the treated clay 

and {(v, — Vi)mxlm — (v, — v^mijm'} the correction for decomposition of the 
clay during esterification, For the second approximation, the last term is 
replaced by {(t;* — Vx)mi"lfn — (v, — where mj" = Wj less the water 

and glycol contents determined by the first approximation and corrected to the 
same water content as m and m\ 

Fof the simultaneous measurement of the water and glycol contents of the 
two samples of treated clay, only two additional titration figures have to be 
obtained, viz., one similar to and one similar to Hence, the more samples 
which can be analysed simultaneously, the less the relative number of operations 
involved. 
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Results and Discussion. 

Up to a certain temperature montmorillonite is reversibly dehydrated, 
but above this temperature irreversible dehydration sets in.* X-ray 
examination (after rehydration) showed that the montmorillonite used 
was reversibly dehydrated when heated at 195° c. for 5 hr., but that heating 
at 200® c. for the same time produced irreversibility. The transition 
temperature was therefore approximately 198° c., so the loss of weight 
on heating at 195° c. for 5 hr. was taken as the amount of reversibly re¬ 
movable water. As the dehydration curve shows practically no loss of 
weight between this transition temperature and the temperature at which 
structural OH-groups are removed,** it is generally considered that the 
reversibly removeable water corresponds to the total amount of sorbed 
water. 

The agreement between the amount of reversibly removable water 
of several samples of montmorillonite and the amount of water deter¬ 
mined by the Fischer reagent was excellent (Table I), i.e. the Fischer 
reagent determines the total amount of sorbed water, as was suggested 
by Fischer’s results for Fuller’s earth.* 


TABLE I.— Correlation between Sorbed Water in Montmorillonite 
AS Determined by Heating at 195® c. and by the Fischer Reagent, 
Expressed as Percentage Weight of Dry Clay 


Determination. 

X. 

z . 

3* 

4 - 

5 . 

Mean. 

% H ,0 by heating . 
% H ,0 by Fischer 

19*2 

i8*8 

19*3 

19*0 

19*3 

I9*I 

reagent 

19*2 

19*0 

1 

19*4 

19*1 

19*2 

19*2 


Although reaction with the sorbed water is complete, it is probable 
that the reaction does not occur in the intersheet space, but that the 
methanol displaces some of the water from the clay and, as this is used up 
during the titration, more water is displaced in an attempt to maintain 
the distribution coefficient. This is supported by the fact that the colour 
at the first end-point is stable only for about a minute, but if allowed 
to stand for about 5 min. and again brought to the end-point the colour 
is stable for at least 10 min. This is presumably due to the slow replace¬ 
ment of the last traces of water by methanol. Data on the removal of 
water from clays by alcohol ** give added support to this conception of 
the mechanism. 

The technique above, of determining the % recovery of glycol in the 
presence of clay using a dioxan solution of glycol might be objected to on 
the ground that glycol so added might not penetrate into the intersheet 
space. Hence intersheet glycol would not be quantitatively determined. 
However, the technique described by MacEwan ** for preparing specimens 
for X-ray examination shows that if glycol alone is allowed to come into 
contact with dry montmorillonite, at least some of the glycol penetrates 
into the intersheet space. Consequently, an accurately weighed amount 
of glycol was allowed to drop on a weighed sample of montmorillonite 
(about 0*2 g.) and the % recover of glycol determined using the technique 
employed for treated clays. Since the amount of dry glycol-free clay is 
known, the results can be calculated directly, but the method of successive 
approximations is also applicable. The second approximation gave 
the same value as the direct calculation, viz., glycol added, 0*0473 g.; 

** Nagelschmidt, Imp. But. Soil Sd^ Tech. Comm., No. 42, 1944. 

Bouyoucos, Soil Sci., 1936, 41, 443. 

« MacEwan, ref. * <6), (c). 
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glycol found, 0*0475 g.; recovery, 100*4 %• The method is therefore 
quantitatively applicable to intersheet glycol, and the results also uphold 
the assumption that the amount of decomposition of the treated clay 
by the esterifying reagent is identical with that of the untreated clay (based 
on similar weights of dry glycol-free clay). 

The glycol and water contents of 24 samples of treated clay and the 
associated basal spacings are shown in Table II. The values of i(ooi>t 
obtained by visual measurements of the X-ray photographs, are considered 
correct to ± 0*2 a. at the higher values and ± o*i a. at the lower values. 

TABLE II. —^Variation of (00i) Spacing with 
Glycol and Water Contents. (Percentages 
Expressed on Basis of Weight of Dry Glycol- 
free Clay.) 


Saixq>le No. 

Glycol Content 
(%). 

I j 

68*2 

2 

100*2 

3 

99*6 

6 

37-1 

7 

28*4 

9 

25-1 

10 

14-5 

II 

20*8 

12 

20*1 

14 

25-8 

15 

30*3 

16 

23*1 

18 

12*1 

19 

1 i8*o 

21 

i8*2 

22 

7*2 

23 

11*7 

24 

14*1 

25 

27*0 

26 

28*1 

27 

7-9 

28 

9-5 

29 

12*5 

30 

11*6 


Water Content 
(%). 

^ceoi) 

5*5 

I 7 'i 

10*3 

17*1 

21*3 

17*1 

2*2 

17*0 

5*9 

17-1 

3*3 

17*1 

7*2 

14*2 

7*0 

15*2 

12*7 

16*5 

2*2 

i6*7 

7*3 

17*1 

12*3 

17*1 

4*3 

13*9 

3*6 

14*3 

19*3 

17*3 

4-6 

13*4 

4*0 

13*8 

17*1 

16*5 

2*6 

16*9 

7*8 

17*1 

4*6 

13*2 

9-2 

14*3 

i8*4 

i6t 

22*3 

i6*3 


During the course of these determinations it was observed that samples 
obtained by quartering the deposit in the centrifuge tube (see Procedure, 
(6)) never had identical concentrations of glycol in each quarter—an 
efiect not due to experimental inaccuracy as shown by duplicate results. 
The most significant variation was between samples dried at 100® c. and 
those dehydrated in the cold. This is probably due to volatilisation of 
some of the glycol during heating. 

There were, however, significant differences between samples dehydrated 
at the various relative humidities. This might arise from the variation 
in the proportions of coarse and fine material in each quarter-sample 
(see Procedure, (b)) so that, while the glycol would penetrate into 
the intersheet space of the coarse particles. more might be removed by 
washing from the fine than from the coarse material. However, since 
drying of the samples proceeded relatively slowly, it is to be expect^ that 
any s%ht lack of homogeneity so caused would ^ almost entirely removed 
before the sample became d^. Efficient mixing of the dry sample was 
ensured by grinding it finely twice—once when sufficiently dry to handle 
and again immediately before the determination. 
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This explanation might give rise to two effects* 

(a) Since drying at loo® c. would be relatively rapid, there would be 
little tendency for equilibrium to be established, and the (ooi) reflections 
would be expected to be somewhat diffuse. Broad lines were, in fact, 
found to be associated with these samples, but since the measurements in 
such circumstances were made to the centre of the densest part of the 
lines a significant mean value of the basdl spacing should result. 



Fig. I . —Average water contents: curve i, 193%; curve 2, ii*o%; 

curve 3, 4*2 %. 



(*) If a slight lack of homogeneity did occur, a smaU sample such as 
that used for X-ray examination might have a slightly different com- 
position from that of the sample used for chemical anal)rsis. This effect 
should be eliminated by efficient grinding, but it supplies one possible 
reason for the slight scattering of points from the lines in Fig. i and 2. 
The two obvious reasons for scatter are the variations in water (Fig i) 
and glycol contents (Fig. 2), and the limits of accuracy of Visual measure- 
ment of the (001) reflections. ^ 

Allowing for possible slight errors, the main trends are well brought 
out in Fig. i and 2, which show, respectively, the relationship between 
d(ooi> and glycol content at approximately constant water contents, and 
the relationship between d(ooi) and watei; content at approximately constent 
glycol contents. It is concluded that : 
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(1) The 17-1 A. basal spacing remains constant over a wide range of 
glycol and water contents. Although there is no evidence that a large 
amount of glycol increases this spacing (e.g. samples 2 and 3, Table II), 
at high water contents a definite increase does occur. For instance, for 
two samples (not quoted in Table II), the water content of which was so 
high that the samples remained in a fluid state, the basal spacing was 
19*5 A. It was impossible to obtain homogeneous samples of these for 
accurate analysis but a few rough tests on one indicated glycol and water 
contents in the regions of 50 % and 250 % respectively. 

(2) The amounts of glycol and water required for the 17*1 a. spacing 
are interdependent and bear a reciprocal relationship to one another. In 
this connection should be mentioned a trend not observable from Table II 
or the graphs. On photographs showing the I7'i a. spacing, in contra¬ 
distinction to all the others, several successive orders of the basal spacing 
were observable, indicating a high degree of regularity in the superposition 
of the structural sheets. This distinction showed up even when the sample 



Fig. 3.—Discontinuous line—part of curve subject to some uncertainty. 

giving the 17*1 a. spacing contained a large amount of water and cor¬ 
respondingly less glycol. The highly ordered structure is therefore not a 
criterion of complexes containing glycol only in the intersheet space. 

(3) For very low water contents (i.e. between 2 % and 7 %) the glycol 
— curves lie very close together and are represented by one curve 
on Fig. I. 

(4) Even with a glycol content as high as 26 %, a decrease in d(eQD is 
apparent at low water contents. When a sample containing 26 % glycx)l 
was heated at 70® c. over PfO# and sealed under vacuum. d|ooi> dropped 
to 14*2 A. It was not possible to determine the glycol content after 
heating, but the water content of a similarly treated sample was 0*3 %. 
The 14*2 A. spacing seems somewhat low, so it is possible that some glycol 
. was lost during the experiment, but the general trend fits in well with the 
results. 

Taking the curves in Fig. i to represent those for 19*3 %, ii*o % 
and 4*2 % water, and those in Fig. 2 for 26*0 %, 19*6 % and ii-2 % glycol, 
a graph was constructed showing the relationship between the glycol 
and water contents required for the I7»i a. spacing (Fig. 3). All the 
points lie very close to a straight line and it appears that 287 % glycol 
is the minimum amount necessary, in the absence of water, to give the 
r7*1 % spacing. Taking the unit cell of montmorillonite as A^SitOto(OH) 4, 
this value corresponds to 3‘3 molecules glycol per unit cell, which agrees 
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well with the theoretically expected value for an intersheet bimolecular 
layer of glycol (see first paper of this series). 

The slope of the line in Fig. 3 indicates that approximately 6 molecules 
of water are necessary to replace one molecule of glycol in order to main¬ 
tain a constant basal spacing. This 6/1 ratio cannot be strictly compared 
with Bradley's values • since it refers to a water layer of such thickness 
as to be comparable with a bimolecular layer of glycol. If the radius 
of the water molecule is taken as 1*5 a., the sides of the unit cell of mont- 
morillonite as 8*9 a, and 5*15 a. and the thickness as 9*4 a., three layers 
of close-packed water molecules would give a spacing of 17*3 a. which is 
sufficiently close to the 17*1 a. spacing to permit a reasonably accurate 
comparison. Such a structure would also account for the 6/1 ratio. 
This ratio, however, is somewhat uncertain and refers only to the first 
stages of replacement of glycol by water. Since the clay was predomin¬ 
antly Ca-saturated the first amounts of sorbed water would probably be 
oriented around the Ca++ ions in a hydration shell “ so the close packing 
of this water may be expected. The 6/1 ratio would, however, also 
depend upon the relative amounts of glycol and water sorbed on the outer 
suHaces of the clay micelles. Recently Mering has been able to dis¬ 
tinguish between this type of sorbed water and intersheet water, but no 
data on glycol are available, although the agreement between the theoreti¬ 
cally expected number of glycol molecules per unit cell and the experi¬ 
mental number obtained above would seem to indicate little or no glycol 
sorption on the outer surfaces of the micelles. It therefore seems possible 
that the ratio would be considerably less than 6/1 for intersheet water at 
higher water contents, which would be more in accordance with the 
“hexagonal-net" theory of Hendricks and Jefferson.'** Possible 
methods which might give a direct indication of the configuration of inter¬ 
sheet water are at present under review in this laboratory. 

The author desires to express his indebtedness to Dr. A. Muir, now 
at Rothamsted Experimental Station, for suggesting the use of the Fischer 
reagent in connection with this problem and for many helpful discussions ; 
to Dr. D. M. C. MacEwan for the X-ray data; and to Prof. H. W. 
Melville, Chemistry Department, Aberdeen University for providing the 
facilities required for performing this work. 

Summary. 

The amounts of water in samples of montmorillonite as determined by the 
Fischer reagent correspond to the total amounts of sorbed water, i.e. the amounts 
of water reversibly removable by heating. 

A slight modification of the method for the determination of alcohols by 
this reagent permits its quantitative application to the determination of inter¬ 
sheet ethylene glycol in montmorillonite-glycol complexes. Determination of 
the water and glycol contents of specially prepared samples of montmorillonite- 
glycol-water complexes, in conjunction with X-ray examination of the same 
samples, led to the following conclusions: 

((*) the (001) spacing of the complex remained constant at 17*1 a. over a 
wide mnge of glycol and water contents ; 

(6) the minimum amounts of glycol and water necessary to give this spacing 
were interdependent; 

(c) in the absence of water, 3*3 molecules of glycol per unit cell, in the form 
of a bimolecular layer were required for production of the 17*1 a. spacing ; 

(d) in the first stages of replacement of glycol by water one molecule of gl3rcoi 

has-to be replaced by approximately 6 molecules of water to maintain 
constant basal spacing. «« 

Macaulay Institute for Soil Research, 

Craigiebuckler, 

Aberdeen, 

'• Hendricks, Nelson and Alexander, J, Amer, Chem. Sod, 1940, 62, 1457. 

Mering, Trans. Faraday Soc., 1946, 42B, 205. 

Hendncks and Jefferson, Amer. Miner,, 1938, 23, 863. 
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This paper is the first in a series in which certain phenomena of hydro- 
tropy, solubilisation and emulsification are discussed from a point of view 
in which emphasis is laid on the aspect of the active agent as a common 
solvent for the hydrophilic and lipophilic liquids present. The point of 
view which is extended here was earlier put forward by Lindau ^ and 
von Hahn * and has recently been further supported by the work of McKee 
et al. * on various cases of hydrotropic solution. This view is not in opposi¬ 
tion to the micelle theories of solubilisation of Hartley and McBain * but 
is supplementary to them. 

A qualitative classification and theory is given below which has been 
found useful to correlate a large number of experimental observations 
which will be described in detail in the later papers of this series, but which, 
for the sake of compactness, will to some extent be anticipated or only 
briefly referred to in the present introductory account. 

For the purpose of the discussion in hand, the solvent affinities existing 
between ions and molecules in the liquid state may be grouped under two 
headings •: 

(i) H (hydrophilic) solvent affinities (Ajj), e.g. affinities dependent' 
on hydrogen bonding, and 

(ii) L (lipophilic) solvent affinities (Aj), e.g. van der Waals forces. 

Most m^ecular species (e.g. CtHsOH) exert both H and L affinities. 

The attractive forces between the molecules and ions in solution may be 
held to arise through the mutual satisfaction of H by H affinities and of 
L by L affinities. The total inter-molecular solvent attraction between 
any two species O and W in a single liquid phase can therefore qualitatively 
be represented as 

.4ow = -^How + -^iow 

and will depend in detail on the solvent affinities and concentrations of 
both O and W along lines such as those discussed by van ArkeL* 

In solubilised systems all the molecular or ionic species present are 
here held to exist in the liquid state (cp. Bancroft •). On the basis of 
their solvent properties these species can be divided into three groups 
which will, of course, overlap. These are : O, those with predominantly 
Upophilic^^lvent affinity, e.g. most organic liquids non-miscible with 
water; W, those with predominantly hydrophilic solvent affinity, e.g. 
water, ethylene glycol, simple inorganic ions; C, those which exert 
simultaneously and in high degree both L and H afi^ties. Such species 
have previously been termed amphipathic ** by Hartley ' but for con- 

1 Lindau, Naturwiss,, 1932, ao, 396. 

* von Hahn, Kolloid Z,, 1932, 6a, 202. 

* McKee, et al,, Ind, Eng, Chem,, 1946, 38, 382. 

* cp. McBain, Advances in Colloid Science (1942). 

* van Arkel, Trans. Faraday Soc., 1946, 430, 81. 

* Bancroft, Science, 2935, 8a, 388. 

* Hartley, Aqueous Solutions of Paraffin Chain Solis, 
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sistency with the point of view now advanced will here be termed amphi¬ 
philic/' As is well known it is such species, which may conveniently 
be termed amphiphiles, which typically give rise to such phenomena as 
hydrotropy, solubilisation and emulsification. 

Solubilisation and Hydrotropy. 

Work in these laboratories has made possible the following general¬ 
isation respecting processes of hydrotropy and solubilisation. When 
water (or aqueous salt solution) W and an organic liquid (a mixture or a 
single substance) O are mixed with a suitable quantity (say 5-25 %) of 
an amphiphilic compound (such as sodium phenate, cyclohexylammonium 
chloride, hard or soft soap, a sodium alkyl sulphate or sulphonate or a 
higher alkyl ether of a polyethylene glycol) C', there are four main types 
of equilibrium system which may result. These are indicated in Fig. i. 
The phases of the heterogeneous systems, particularly when C' contains 
a large alkyl group, are often emulsified. In the majority of cases the 
equilibria are apparently rapidly established and there is little tendency 
to produce metastable conditions. 



Type I. Type II. Type III. Type IV. 
Fig. I. 


Type I Systems. An organic liquid O containing only small propor¬ 
tions of the other components of the system is in equilibrium with an 
aqueous solution of C' containing more or less solubilised O. If O con¬ 
tains several species there is some enhancement in the proportion of the 
more hydrophilic species in the solubilised O. 

Type II Systems. Water or an aqueous salt solution W, containing 
only small proportions of the other components of the system, is in 
equilibrium with a solution of C' in O containing more or less solubilised 
W. If W contains several species there is some concentration in the 
proportion of the more lipophilic species (e.g. of water if W = water 
and inorganic salts) in the solubilised W (i.e. inorganic salt will be con¬ 
centrated in the separated aqueous layer). 

"Type III Systems. F^e O and W phases are in equilibrium with a 
third solubilised phase containing C', O and W. 

Type^IV Systems. Type IV systems contain no free O or W layers, 
the O, W and C' being mutually solubilised. 

The foregoing classification is to some extent arbitrary. Thus a 
Type I system may alternatively be regarded as a Type IV system in 
equilibrium with excess O. A Type II system is at the same time a Type 
IV system in equilibrium with excess W, while a Type III system 
be regarded as a Type IV system in equilibrium with excess of both O ap^ 

Methods of laterconversion of Systems of Types I-IV. 

Type I Systems. The following clpsification of iiwthods which have 
been found applicable for increasing solubilisation of O in Type I system 
may be given. . 
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Method I (a). A reduction in th^ relative proportion of W. 

Method I ( 6 ). The addition to O of an oil soluble component capable 
of hydrogen bonding and/or vrhich has greater solvent a^raction for 
than O has. Such additives are fatty acids, amides, alcohols, amines, etc. 

Method I (c). An increase in the lipophilic nature of C' —e.g. in the 
case of compounds of analogous structure by increase of the molecular 
weight of C'. 

Method I (d). The addition to W of an inorganic salt. 

If sufficient is present any of the above methods applied progres¬ 
sively, leads first to the production of a Type IV system and ultimately, 
in the case of I (b), (c) and (d), to a Type II system. 

Type II Systems. Solubilisation of W in Type II systems may be 
increased by the following methods which may to some extent be con¬ 
sidered as respectively complementary to Method I (a-d) above. 

Method II (a), A reduction in the relative proportion of O. 

Method II'ib). The addition to W of a water soluble organic liquid 
capable of hydrogen bonding, e.g. ethylene glycol, ethanol, etc. 

Method II (c), A reduction in the lipophilic nature of C', e.g. in the 
case of compounds of analogous structure by reduction of molecular weight. 

Method II (d). The addition to O of a less hydrophilic oil soluble 
component, e.g. medicinal oil. 

If sufficient C' is present, Methods II (a), (b), (c) and (d), if applied 
progressively, lead first to the production of Type IV systems and ulti¬ 
mately in the case of Methods II ( 6 ), (c) and (d). to Type I systems. 

Effect of Temperature.—In cases where C' is an ^ll^stli metal salt a 
rise of temperature usually diminishes solubilisation of O in Type I systems 
and increases solubilisation of W in Type II systems. There are, however, 
many exceptions to this behaviour, particularly in the case of Type I 
systems, which will be discussed in Part VI. 

In Type III systems the solubilisation of O may be increased by 
Methods I (a)-(d) and of W by Methods II (a)-(i). Increase in the 
relative proportion of C' in the system, which is equivalent to both Methods 
I (a) and II (a), increases the solubilisation of both O and W simultaneously. 
Type III systems have been described by Lester-Smith.* 

Mechanically Reversible Homogeneity.—^When a suitable Type I 
system is converted to a homogeneous Type IV system, e.g. by addition 
of cyclohexanol, at the point where excess organic liquid is just disappearing, 
critical solution phenomena are evident. At this point we have frequently 
observed both in aqueous systems and in systems containing ethylene 
glycol, that a mixture which is just heterogeneous becomes homogeneous 
on vigorous shaking and reverts to the heterogeneous condition after a 
few minutes resting. The agitation comminutes the organic liquid and 
thus extends its sudace and increases its solubility. At the critical region 
this may cause complete solution. The same effect we have also frequently 
observed at the points when Type FV systems pass into Type II systems. 

Discontinuities within Type IV Systems. 

In Type IV systems although no free O and W phases e^ist, in certain 
cases phase changes occur. These are illustrated by the following two 
examples which are typical When nonylamine or cyclohexanol is added 
at room temperature to a mixture of equal volumes (lo cc.) of cyclo¬ 
hexane and a 20 % solution of sodium t6tiadecan-5 sulphate in water the 
initial Type I system passes first into a T3rpe IV system and finally into 
a Type II system. (S^ I (b) above.) 

, • lester-Smith, /. Physic, Chem,, 1932, 36, 2414. 
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Within-the Type IV region the following successive stages occur 

(cp. Table I). r 

TABLE I. 


Character of Mix. 

Temperature ca. ig* c. 

VoL added. 
Cyclohexanol. 

Vol. added. 
fMioQylamiDe. 

(i) Clear sol Si. 

0*55-0*60 

0*20 

(2} Heterogeneous mixture of sol Si and 

intermediate 

intermediate 

gel G. 

volumes 

volumes 

(3) Homogeneous gel G . 

0*75 

0*28 

(4) Heterogeneous mixture of G and a 

intermediate 

intermediate 

second sol S,. 

volumes 

volumes 

(5) Gear sol Sg. 

1*05-1*6 

0-38-0-45 


In the above case with cyclohexanol both Si, G and S, disperse readily 
in water and do not have greatly difEering electrical conductivities. With 
nonylamine. Si and G disperse in water and S, in cyclohexane, and there 
is a very great fall in electrical conductivity between G and S„ as observed 
by a method similar to that described by Schulman.* 

In some cases, particularly when C' has a comparatively low molecular 
weight (e.g. sodium octyl-4 sulphate) passage of Si into S, in the above 
manner is continuous and no gel stage appears. In other cases, e.g. when 
C' is a primary alkyl sodium sulphate and O contains a primary alcohol 
the gel stage is much extended and Sj, G and S| may not be distinguish¬ 
able. More frequently, although the Sj and gel regions merge, the S, 
sol is readily obtained as a clear solution. This is possibly true in certain 
of Schulman's experiments with sodium oleate.* In all cases yet examined 
Si and S| are isotropic. In all cases yet examined Sj and S, are isotropic 
while G shows birefringence of greater or less intensity. 

A diagrammatic representation of the passage from Type I to Type II 
system via the S„ G and S, stages of a Type IV system is illustrated in 
Fig. 2 in which R has the significance explained in a later section. 


) ri f 



Type I Si Si •+• G G G -+• Sg Sg Type II 
(Si-*- excess organic liquid) (Sg+ excess aqueous liquid) 

- R < I-► (R i) .f-- R> t -► 

Fig. 2. 

S|t G, 83 Changes in Aqueous Amphlphile Solutions in Absence of O. 

—^In the above two examples the efiect of an amphiphile on equal volumes 
of water (or aqueous salt solution) and orgamic hqujd has been described, 
but the same sequence of changes can be distinguished over very wide 
(probably all) volume ratios. In fact the whole sequence 

Si (Si -|- G) G -► (G + S|) -> Sg (Sg 4- Aq) 

has been observed in the absence of any organic liquid when a 12 % 
aqueous solution of a mixture of CirCit sodium secondary alkyl sulphiates 
(containing 3*5 % sodium sulphate) was converted to a solution of cycle-, 
hexylammonium alkyl sulphates by gradual addition of cyclohexyl- 
ammontum chloride. Also it has been found that the hydrophilic character 
of the molecqle apparently decreases if, the series sodium tetradecan -3, 

* Schulman, Trans, Faraday Soc, 1946,426, 165. 
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•4* and -7 sulphates. These results will be discussed in Part 

VIII. In correlation with this, at room temperature 20 % aqueous solu¬ 
tions of sodium tetradecan sulphates are, in the case of the -3, -4 and 
-5 sulphates, clear sols (Si), in the case of the -6 sulphate, a mixture of 
sol and gel (Sj + G) and in the case of the -7 sulphate a gel. On cooling 
the -7 sulphate gel it gives a mobile milky emulsion (possibly a Type II 
system). 


Solubilisation in Ethylene Glycol. 

Mutual solubilisation of ethylene glycol and organic liquids immiscible 
with ethylene glycol by means of amphiphiles we have also found to con¬ 
form to the generalisations given above. Thus, on addition of n-dodecanol 
to a mixture of equal volumes of benzene and ethylene glycol in the 
presence of Aerosol OT (ca, 14 %) the typical sequence of changes. 
Type I system -> Type IV system (clear sol) Type II system may be 
observed. Addition of water or sodium sulphate shifts this sequence of 
changes to the right. In this and other cases of solubilisation in ethylene 
glycol we have not yet observed discontinuity (Sj, G, S, changes) within 
the region of Type IV systems. 

An Interpretation of the Foregoing Experimental Generalisations. 

The ratio R. —Taking first systems containing O, W and C', let us con¬ 
sider the ratio i? representing 

solvent attraction between C and Q in the solubilised phase 
solvent attraction between C and W in the solubilised phase 
In this expression C represents C' solvated by chemical and van der Waals 
forces by both O and W. With a semiquantitative significance we may 
wTite 

__ ^ ^00 ^ ^00 

^ow *^Hcw ^icw 

In Fig. 2 it is clear that i? < i on the extreme left of the diagram, while 
i? > I on the extreme right. 

If Methods I (a)-(d) for passing from left to right in Fig. 2 are examined 
they will all be seen to be methods which would be expected to increase R. 
Conversely Methods II (c/)-{d) for passing from right to left in Fig. 2 are 
methods which would be expected to diminish R. In view of the sym¬ 
metrical character of Fig. 2 it may reasonably be assumed, as a working 
h)pothesis, that the value R = i corresponds to the centre of the diagram, 
i.e. in cases where gels occur, to the middle of the gel region or, in the 
absence of gels, to the middle of the Type IV region as a whole. 

Phase Structures in Fig. 2. 

( 1 ) Structores o^O and W Phases. —Of the phases in the foregoing 
systems the O and W phases of systems of Types I, II and III are con¬ 
stituted similarly to the O and W phases of, e.g., a benzene-water system. 

( 2 ) Structures of S|, G and S3 Phases. —An attempt to elucidate the 
comparative structures of S^, G and systems by X-ray methods is at 
present in progress. However, the following suggestion based on solu¬ 
bility relationships may be^ntatively given here. The gradually pro^ 
gressive solution of O and W in Type I or Type II systems on gradual 
increase or reduction of R respectively, indicates strongly that Tyro IV 
systems, whether sol Sj, gel G or sol S,, are solutions rather than emubions 
of extremely small particle size. These solutions arise probably not by 
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any incxease in the solvent attraction Aow due to the influence of C, but 
through the formation of ordered molecular assemblages with^ the 
solution in which the L affinities of O and C and the H affinities of W and 
C mutually satisfy each other respectively (cp. McBain 

The presence of the lamellar micelle " assembly, such as shown in 
Fig. 3 has now been demonstrated in solubilised systems by several 
investigators (cp. e.g. Harkins, Mattoon and Corrin “). 

If the ratio B above is taken as giving a measure of the relative dis¬ 
persing forces acting on the, lipophilic and hydrophilic faces respectively 
of a C layer in such lamellse, then when i? = i there would be no tendency 
for the planar lamellae to distort and their maximum extension would 
be expected. Any hindrance to shearing of one lamellar plane over 
another would have maximum opportunity to manifest itself in the 
appearance of gelation and a liquid cr3rstalline structure showing 
birefringence. 
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If, however. B were considerably increased or diminished one might 
anticipate a tendency of the planes of the lamellae to curl and to give 
spheroidal lipophilic or spheroidal hydrophilic micelles respectively. If 
B departed too greatly from unity the curling tendency would increaise 
sufficiently to cause^^breakdown of the molecular atssemblages with 
separation of W or O respectively. It, therefore, seems possible that 
probable molecular arrangements, or micelles, which will occur in Sj, G 
and S| can be represented by Fig. 4 (drawn without respect to precise 
shapes or dimensions. The globular'' micelles need not necessarily 
lie spherical.) 

Since, however, G can co-exist with Sj or S, it seems likely that the 
energy differences between the different micellar forms are small and 
that probably all three co-exist in equilibrium in the solution, their relative 
proportions dex>ending both on the ratio jR and the relative proportions 
of the components of the system. The case of sols S* of not very low 
electrical conductivity may arise from the presence of a considerable 
proportion of lamellar micelle in S*. 

It is likely that the globular micelles depart readily from the true 
spherical form. This is shown by the fact that it is possible to prepare 
Sj sols of not very great viscosity that contain a very high proportion of 
O and to obtam sols of not very great viscosity containing a very high 
proportion of W. The example of the S„ G, S, transformation in absence 
of O mentioned above provides an example of such an S, sol. 

In a case such as the latter the ratio J?, still representing the relative 
dispersing forces acting on the lipophilic and hydrophilic radicals of ^the 
amphiphile molecules, may qualitatively be indicated by an expression 
such as 

B = 

Palit and McBain, Ind. Eng, Chem,, 1946, 38, 743. 

Harkins. Mattoon and Corrin, /. CoUoid Sci., 1^6, i, 103. 
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Etnulslflcadoiii* 

(1) Sprataneous Emulsificatloii,—known cases of spontaneous 
emulsification are examined (cp. e.g. Clayton it will probably be found 
that they fall into one or other of the following categories : 

(а) emulsifier formed at interface, e.g. sodium oleate from oleic acid 
in oil phase and sodium hydroxide in water; cholesterol in oil 
and sodium cetyl sulphate in water; 

(б) emulsifier dissolved in phase in which it is preferentially less soluble 
which is then added to the other phase. 

In either case conditions are arranged which render possible an initial 
concentration and equidistribution of the emulsifier between the two 
phases at the interface. This is probably the condition for that extremely 
low initial interfacial tension which makes spontaneous emulsification 
possible. If the conditions are modified so as to make an initial con¬ 
centration of the emulsifier at the interface unlikely, e.g. if the cholesterol 
in the case above is first dispersed in the water phase instead of in the 
oil, spontaneous emulsification no longer occurs. 

(2) Relative Solubility of EmuMfler in the Phases and Nature of 

Continuous Phase of an Emulsion. —^An interfacial layer of amphiphile 
molecules between the O and W phases of an emulsion may have different 
spreading pressures rr^j and iri on its hydrophilic and lipophilic faces 
respectively. If i? = i, then probably njf == iri and the nature of the 
continuous phase may largely be determined by other mechanical factors. 
If the emulsifier is distribute in favour of the oil phase in the emulsion 
so that i? > I, then probably and there will be a tendency 

towards formation of W/0 emulsions. If the emulsifier is distributed 
in favour of the aqueous phase so that R < i then probably 

and there will be a tendency towards formation of O/W emulsions. These 
conclusions are in accord with the results of many workers (cp. e.g. 
Wellman and Tartar ^•) and with our own experience. 

The writer wishes to express his thanks to the N. V. de Bataalsche 
Petroleum Maatschappij and to the ShellRefining and Marketing 
Company Ltd., for permission to publish this paper. 

Summary; 

This paper is the first in a series in which particular aspects of hydrotropy, 
solubilisation and emulsification processes are discussed. The concept of the 
hydrotropic salt as a common solvent (cp. Lindau for water and water-insoluble 
organic liquids is used to interpret and systematise many phenomena in the 
mutual solubilisation of organic and aqueous liquids by means of 5-35 % of 
various hydrotropic salts and soap-like compounds. The bearing of certain of 
the concepts involved on related emulsification phenomena is shortly discussed. 


PART IL—THE SOLUBILISATION OF PETROLEUM 
ETHER WITH SODIUM SECONDARY 
ALKYL SULPHATES. 

In Part I a classification of various types of completely and partially 
solubilised systems was given, methods of interconversion of the different 
types of S3rkem were described and a general theory of solubilisation 
eomlating" qualitatively the experimental facts was suggested. In the 
presettt paper an account is given in the terms of this theory of the effects 

^Clayton, Emulsions and Their Technical Treatment (Churchill Ltd., London, 
4th ed., I943)» P* 66. 

Wellman and Tartar, /. Physic. Chern,, 1929, 33, 437. 
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of (i) cyciohexanol, (2) inorganic salts and (3) water-soluble alcohols and 
amines bn the mutual solubilisation of petroleum ether (or petroleum 
ether/cydohexanol mixtures) and water (or aqueous sodium sulphate 
solutions) with sodium secondary Qo-Cia alkyl sulphates. 

The sodium secondary CirQt alkyl sulphates used were obtained 
from the commercial product Teepol* of Messrs. Technical Products 
Limited. The remaining reagents were of good commercial quality and 
since the experiments recorded were designed to give information of a 
qualitative* rather than of an exactly quantitative character* these reagents 
were not purified further before use. In order to prevent its crystallisation 
at lower room temperatures, 2 % (by vol.) of water was added to the cyclo- 
hexanol used. Although in these experiments, a mixture of ^ sodium 
secondary Cio-Qt alkyl sulphates was used as solubiliser, these are regarded 
as operating together as a single amphiphile having approximately the 
mean of their individual properties. The justification for adopting this 
method of treatment lies in the consistent interpretation of the results 
thereby obtained and also in further experimental evidence which wifi 
be presented in Part IV. 

Results and Discussion; 

(1) The Effect of Gyclohexanol on the Mutual Solubilisation of Petroleum 
Ether and Water with Sodium Secondary Gio-Gis Alkyl Sulphates 
at Room Temperature (approx. 18-30^ c.) 

A solution, S containing 23*9 g. sodium secondary alkyl sulphates 

and 7*1 g. sodium sulphate per 100 cc. solution was prepar^. If increasing 
amounts of cyclohexanol are added to mixtures of equ^ volumes of petroleum 
ether (b.p. 6o>8o^ c.) and S and the mixtures are then allowed to settle, the 
following successive changes are observed. 

{a) With no cyclohexanol most of the petroleum ether separates as an upper 
layer (p), although a small proportion is solubilised in the lower aqueous adkyl 
sulphate layer (e), i.e. a Type I system (Part I, p. 377) is produced. In terms 
of the theory suggested in Part I and using the symbols there employed, this 
indicates that in this system the ratio 

Aow 

is markedly less than i. 

(6) As the hydrophilic character of the lipophilic liquid O is further increased 
by addition of cyclohexanol the ratio R is increased by increase of A As 
R approaches unity the solubilisation of the excess organic layer {p) in the alkyl 
sulphate layer (e) increases until finally a homogeneous solution, classified as a 
Type IV system results (cp. Part I, Method 1(6)). 

(c) Disregarding Sj, G, S, changes within the Type IV region (cp. Part I, 
p. 380) whi^ in the systems described in this paper are in no case strongly 
marked, the next effect of further addition of cyclohexanol is to cause the separa¬ 
tion of a lower aqueous salt layer (w) which increases as the amount of cyclo¬ 
hexanol is increased. Type II systems are produced, Aff^ having been so 
increased that R is sufficiently greater than i to cause separation of an aqueous 
phase. 

The successive changes (a)-((;) are illustrated in Table L 
The gradual solution of (/>) and the gradual precipitation of (w) and the pro¬ 
duction of T3q)e III systems (cp. Table II below) are strong^ evidence against 
viewing the structure of (e) as that of an emulsion of extremely fine droplet 
sise (cp. Schulman and indicate rather that (e) is a true solution of its^m- 
ponents, although these probably have an ordered arrangement, as explained in 
Part I. Axial3r8is shows that the amounts of C and W and of C and O in {p) 
and (ft;) respectively are small, {p) is richer in petroleum spirit than 5 and {w) 
contains a higher proportion of sodium stt|phate than W. 

^ Schulman, Trans, Faraday $oc„ 1946,438,165. 
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Variation in the Solubilisation of Petroleum £^er and Gydohexanot 
as the Ck>ncentration pf Sodium Secondary Oio-Gis AUcyl Sulphate is 
Changed. —In Fig. i, curves x and a illustrate the effect of added cyclohexanol 
on mixtures of 50 cc. petroleum ether (b.p. 60-80® c.) with 50 cc. of sodium 
secondary alkyl sulphate solutions of various concentrations. These 

solutions were prepared by diluting the solution S (containing 23*9 g. 
RS04Na, 7*1 g. Na,S04 P®** 100 c®*) with water so that amphiphile and sodium 
sulphate were diluted correspondingly. 

TABLE I.— Effect of Addition of Cyclohexanol to a mixture of 50 
cc. Petroleum Ether (b.p. 60-80® c.) and 50 cc. of an Aqueous Solu¬ 
tion Containing 12 g. Sodium Secondary CiorCu Alkyl Sulphates and 
3*6 g. Sodium Sulphate. 


• 

Type of System. 

I. 

IV. 

II. 

Cyclohexanol added cc. . 

0 

I 

2 

3 

5 

8 

12 

Excess organic solvent 








layer (p) cc. 

43 

39 

24 

10 

0 

0 

0 

Solubilis^ layer («) cc. . 

57 

62 

78 

93 

105 

105 

97 

Separated aqueous layer 








{w) cc. . . . 1 

0 

0 

0 

0 

0 

3 

5 


Curve I represents the minimum volumes of cyclohexanol required to solubil¬ 
ise the excess organic liquid (p) and curve 2 represents the minimum volumes 
of cyclohexanol required to cause separation of the aqueous layer (w). As 
the amount of amphiphile present is diminished curves i and 2 converge, i.e. 



Fig. I. —Effect of cyclohexanol on mixtures of petroleum spirit (b.p. 60-80® c.; 
50 cc.) and sodium sec. Cio-C^g-alkyl sulphate solutions (50 cc.) of various 
dilutions. 

- S diluted with water.-S diluted with 7*1 % Na,S04 soln. 

Original concentration of S " RS04Na 23*9 % w/v; Na|S04 7*i % w/v. 

^ Petroleum layer just solubilised. ^ Water layer just precipitated. 

the range of O compositions which, together with the W present, dissolve in the 
common solvent C is restricted as the amount of C is diminished. With an 
alkyl sulphate solution of concentration somewhat less than xo %, precipitation 
of the ^ueous la3rer (w) commences before solubilisation is complete, and three- 
phase, l3[pe III systems, result. Here although R, in the solubilised phase, is 
in the region of x, there is insuthcient of the common solvent C present to dissolve 
totally b!^ [p) and (tt>). An example of this is given in Table II. 
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Cradnal addition of cyclohexanol to a mixture of equal volumes of petroleum 
etlier an<] a sodium alkyl sulphate Solution containing Jess than 4 % RS04Na 
and i»2 % Na|S04 causes neither the formation of a Type IV nor of a Type III 
system. Solubilisation of petroleum ether in the alkyl srilphate solution is at 
first increased but on further addition of cyclohexanol the alkyl sulphate passes 
gradually into the organic phase. This is illustrated in Table III. 

TABLE II.— Effect of Additioi^ of CvctoHEXANOL to a Mixture of 50 cc. 
Petroleum Ether (b.p. 60-80® c.) and 50 cc. of an Aqueous Solution 
Containing 4 g. Sodium Secondary Qo-Cis Alkyl Sulphates and 1*2 g. 
Sodium Sulphate. 


Type of System. 



I. 



111. 

IL 

Cyclohexanol added cc. 

5 

5*4 


6*2 

6*6 

70 

7*4 

Excess petroleum ether (/>) 



22*6 

16*2 

6-6 


cc. .... 

34 

31*4 

27*8 

0 

Solubilised layer (e) cc. 

71 

74 

78 

83*6 

904 

90*4 

91 

Separated aqueous layer {w) 






i6‘4 

cc. . . . . 

0 

1 

0 

0 

0 

0 

0 


It is of interest that the completely settled aqueous phases of the inter¬ 
mediate systems show a marked opalescence. Although the interfacial tension 
in these intermediate systems is very low and emulsihcation of the phases occurs 
very readily, the emulsions break down quite quickly with separation of the 
phases and formation of a well-defined interface is soon complete. This is 
possibly because in these systems there is a ready passage of material from the 
smaller droplets (of consequently higher solubility) via the continuous phase 
to the larger droplets (of consequently lower solubility). The complete 
reaggregation of the dispersed phase may thus be brought about. 

TABLE III.— Effect of Addition of Cyclohexanol to a Mixture of 10 
cc. of Petroleum Ether (b.p. 65-95® c.) and 10 cc. of an Aqueous 
Solution containing 0*4 g. Sodium Secondary C^g-C^f Alkyl Sulphates 
AND 0*12 g. Sodium Sulphate. 


Type of System. 

L 

latenaediate. 

n. 

Cyclohexanol 











added cc. 

0*5 

I 

2 

3 

4 

5 

6 

8 

zo 

tz 

Upper layer cc. 

9*5 

9*4 

9-6 

10 

»-5 

13*9 

15-7 

i8-6 

20 

23X 

Lower layer cc. 
HS04Na estd. in 

II 

11*6 

12-4 

13*0 

12*5 

n-i 

10-3 

9*4 

9*1 

8-9 

upper layer g. 
RSO 4 Na estd. in 

most 

most 

most 

0*34 

0*28 

0*22 

015 

0*10 

0*04 

most 

lower la3rer g. 

traces 

traces 

traces 

0'05 

o-xi 

0*20 

025 

0'29 

0-39 

traces 


(2) The Effect ci Inorganic Salts on the Mutual Solubilisation of Water 
and Petroleum Spirit4-Gycloiiexanol Mixtures urith Sodium Second¬ 
ary Gio-Gis Alkyl Sulphates. 

(a) Effect of Sodium Sulphate (cp. Part I, Method I (d)). —In Fig. x, carves 
3 and 4, have the same significance as curves i and 2 discussed above except 
that the sodium alkyl sulphate solution. S, was diluted with a 7*1 % (wt./total 
volume) aqueous sodium sulphate solution instead of with water alone#* The 
reversal in trend of curve 2 is thus shown to be associated with the concurrent 
dilution of both the sodium sulphate and the sodium alkyl sutohate. 

According to the Iheory advanced in Part I« the effect of sodium sulphate 
is to increase R by reducing the term Aair, The effects of sodium sulphate and 
of cyclohexanol are thus supplementaiy and independent increase of sodium 
sulphate content diminishes the volume (1^) of c3rclohexanol necessary to solubil- 
ise the petroleum ether and also that (V^ necessary to cause separation of a 

* 4 * 
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free aqueous phase. is reduced more rapidly than ^^d Ihe range of com¬ 
pletely solubilised compo^tions is thus dimixiished. This is to be expected 
If the ori^n of solubilisation phenomena is the cosolvency of the amphiphUe C 
for both and W and the effect of sodium sulphate is to reduce the solvent 
atraction between C and W rather than to increase the solvent attraction between 
C and O. A further example of the effect of sodium sulphate is given in Table IV. 

(6) Effect of other Inorganic 
Salts. —Other inorganic salts, e.g. 
NaCl, NH4CI, CaCli, CUSO4. exert an 
effect on the systems which is similar 
in kind, though different in degree, to 
that of sodium sulphate. 

(3) The Effect of Water Soluble 
Alcohols and Amines on the 
Mutual Solubilisation of Petroleum 
Ether + Gyclohexanol Mixtures 
with Sodium Secondary Gio-Gis 
Alkyl Sulphates .—The results recorded 
in Table V. show that the effect of 
water soluble alcohols is in the op¬ 
posite sense to that of inorganic salts. 
The effects of glucose and acetone are 
added for comparison. 

and iso-butyl alcohols behave as 
oil-soluble hydroxy compounds and act 
in the same way as cyclohexanol (Part 
I, Method I {b)). This tendency is 
already evident with «-propyl alcohol, 
as can be seen from Table V. 

According to the view of solubilisa¬ 
tion taken here the mode of operation 
of the water-soluble hydroxy and amino 
compounds is by diminishing R thereby 
increasing .<fowi the total solvent attraction between C and W (cp. Part I, Method 

TABLE V.— The Effect of Water Soluble Hydroxy and Amino Com¬ 
pounds ON THE Volumes of Cyclohexanol Required, (V,) just to 
Solubilise the Petroleum Ether Layer and (VJ just to Precipitate 
AN Aqueous Layer when Added to Mixtures of 5 cc. Petroleum 
Ether (b.p. 80-100® c.) and 5 cc. of an Aqueous Solution containing 
1*2 g. Sodium Secondary Alkyl Sulphates, and 0*35 g. Sodium 

Strr.PMATic 


TABLE IV.— The Effect of Added 
Sodium Sulphate on the Vol¬ 
umes of Cyclohexanol Re¬ 
quired, (V,) JUST TO Solubilise 
THE Petroleum Spirit and (VJ 
just to Precipitate an Aqueous 
Phase when added to a Mixture 
OF 50 cc. Petroleum Ether 
(b.p. 60-80® C.) AND 25 cc. OF AN 
Aqueous Solution containing 
6*0 g. Sodium Secondary 
Alkyl Sulphates. 


Added Sodium 
Sulphate (g.). 

(V.). 


0 

8.7 

35 

1*0 

3*6 

4*6 

1*5 

2*3 

3*5 

2*0 

1*9 

3*0 

2*5 

1*6 

2*6 

3*0 

1*3 

i 

2-3 


Volume of Water-soluble 
Compound Added (cc.). 

0-5 

2 

2 

3 

Compound added cc. 









No additive . 

0-35 

0*7 







Water 

0*40 

075 

0*45 

o*8o 

0*55 

0*85 

0*60 

0*90 

Methyl alcohol 

0-65 

0*85 

0*95 

i*i 

2*2* 

2*5* 

* 

* 

Ethyl alcohol . 

0*6 

0*85 

0-95 

1-15* 

1-8 • 

2*7* 

0 

• 

Propyl alcohol 

0*35 

0*65 

0*25 

0*5 

o*i* 

0-3* 

0 

* 

/sopropyl alcohol 

0-4 

0-7 

0*5 

0-75* 

o*7^ 

1‘2* 

-0 

* 

Glycol . 

0*5 

0-8 

0*65 

0'9 

0*9 

1-2 

1*0 

1*2 

Glycerol 

0*5 

0*8 

0*6 

0*85 

0*7 

0-85 

1*0 

1*2 

Glucose (g.) . 

0*3 

0*65 

0-3 

0*6 

0*25 

0-55 

0*25 

0*55 

Acetone 

0*4 

0*95 

0*6 

i*7* 


0 

* 

* 

Acetic acid 

0*8 

0-95 

1*2 


0 

0 

0 

* 

X : 2-£thanolamine . 

1 0*55 

0*85 

0*75 

115 

0 

0 

0 

• 

Ethylene diamine 

0*6 

0-9 

0*75 

1*6 

0 

0 

0 

* 


* Sodium sulphate precipitated. 
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II (&)), This may occur if the lipophilic ^vent affinity of these organic W- 
soluble compounds is greater than that of W originally, while their hydrophilic 
solvent affinity is not greatly less'than that of W originally. Table V shows 
that mere dilution with water exerts a similar effect, though smaller in degree, 
to addition of these water-soluble organic liquids. In this case increased 

mainly because (H* 0 )„ has a higher solvent affinity for C than has W originally, 
i.e. {H, 0 )„ 4 - Na,S04). (cp. Part I, Method I (d)). 

The writer is grateful to the N.V. de Bataafsche Petroleum Maat- 
schappij and to Shell ** Refining and Marketing Co. Ltd., for permission 
to publish this work and wishes to thank Dr. P. J. Garner, Senior Chemist 
of these laboratories, for his encouragement and constructive criticism. 

Summary. 

An account is given in the terms of the theory advanced in Part I, of the 
effects of (i) cyclohexanol, (2) inorganic salts and (3) water-soluble alcohols 
and amines on the mutual solubilisation of petroleum ether (or petroleum 
ether-cyclohexanol mixtures) and water (or aqueous sodium sulphate solutions) 
by means of sodium secondary aikyl sulphates. 


PART III. 


(d) The Solubilisation of Miscellaneous Organic Liquids with 
Sodium Secondary C10-C18 Alkyl Sulphates. 

In Part I of this series four main types of system were distinguished 
which may be produced from approximately equal volumes of a water 
insoluble organic liquid O (pure ^bstance or mixture) and water (or an 
aqueous inorganic salt solution) W in the presence of from 5-50 % of an 
amphiphile C. 

Results. 


Table I records the types of system produced at room temperature (ca 19® C.) 
on mixing equal volumes of various water insoluble organic liquids and an aqueous 
solution S containing 23.9 g. sodium secondary Ciq-C^, alkyl sulphates and 
7*1 g. sodium sulphate per 100 cc, (cp. Part II, p. 383). The solvents used were 
of C.P. grade but without further purification except in special cases where 
this appeared desirable. Thus, e.g. the cyclohexanone was treated to remove 
cyclohexanol by shaking for 48 hr. with excess CaCl|, followed by filtration and 
redistillation. 

According to the theory of solubilisation put forward in Part I, Type I, 
Type IV and Type II systems are distinguished by having R ^1, R in the region 
of I and R^ 1 respectively where 




where Axy signifies the solvent attraction (L lipophilic and H hydrophilic) 
between X and Y in the solubilised phase. 

In agreement with this view, in most cases, mixtures of suitable proportions 
of the (heterogeneous) systems of Types I and II give (homogeneous) systems of 
Type IV (Part I, interconversion methods, I (6), II (d)). This phenomehon has 
been observed, e.g. with mixtures of (5) and (20); (10) and (4)((i) = benzene) 
and (12) ; (3) and (9) ; (4) and (9); (lo) and (6) ; (30) and (32). In the case 
of certain mixtures, e^ of (20) and (21) ; (20) and (3) ; or (10) and (3), pa^^e 
from a Type II to a Tjrpe I system is very rapid and, with the particular con¬ 
centrations used in these experiments, a homogeneous system may not be ob¬ 
tained. It may be noted that here at least one of the components of O would 
be expected to exert neither marked lip^hilic nor marked hydrophilic affinity. 
As might be expected compounds of thil type, e.g. triacetin or tributyrin, both 
of which form three-phase systems with excess water and higher paimffins, are 
not solubilised readily by s^ium secondary alkyl sulphates. The re¬ 

maining interconversion methods given in Part I may also be used to obtain 
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Type IV systems from the heterogeneous S3r8tem8 recorded in the above ^ble. 
Thus e.g. addition of ethylene glycol to (zo) (Method II {b)) or of sodium chloride 
(Method I (d)) or cyclohexanol (Method I {b)) to (5) or (6) gfives clear homogeneous 
solutions. 

The relative behaviour of the isomeric octanols and tetradecanols (cp. (27)-(32)) 
is of particular interest and will be described in detail in a later communication. 

TABLE I. 



Solvent. 

Type of System Prodooed. 

I 

Hydrocarbons, chlorohydrocarbons 

I 

2 

Nitrobenzene ..... 

I 

3 

Phenyl methyl ether .... 

I 

4 

Di-isopropyl ether .... 

I 

5 

Diethyl ether ..... 

I 

6 

Di-isobutyl ketone .... 

I 

7 

Methyl isobutyl ketone 

IV (sol) 

8 

Octanone-2 ..... 

IV (sol) 

9 

n-Heptaldehyde ..... 

II 

10 

Cyclohexanone ..... 

II 

II 

Methyl ethyl ketone .... 

II 

12 

fi-Butyraldehyde .... 

II 

13 

Ethyl oleate ..... 

I 

14 

Ethyl nonoate ..... 

I 

15 

Dimethyl phthalate .... 

I 

16 

«-Octyl acetate ..... 

IV (sol + gel) 

17 

Cyclohexyl acetate 

IV (sol) 

18 

Amyl acetate (A.R. Isomer un¬ 



specified) . . ' . 

IV (sol) 

19 

«-Butyl acetate ..... 

Type IV (sol) at 17® c. 



becomes Type II on warming 

20 

Ethyl acetate 

II 

21 

Ethyl butyrate . 

I 

22 

Ethyl isobutyrate .... 

I 

23 

x-Aikanols 

II 

24 

i-Alkanoic acids . 

II 

25 

i-Alkylamines ..... 

II 

26 

1 i-Alkanoic acid amides 

II 

27 

Octanol-i . 

II 

28 

Octanol-4 . 

IV below 14® c. ; II above 

29 * 

Tetradecanol-i (m.p. 36-37® c.) 

II 

30* 

Tetradecanol-2 (m.p, 32*5® c.) 

II 

31 * 

Tetradecanol-3 (m.p. 28-29*5® c.) . 

IV (sol + gel) 

32* 

Tetradecanol-7 (m.p. 41® c.) . 

I 


• Mixed just above melting point. 


The less hydrophilic character of the 9»>alkanols with near medial hydroxyl 
groups (cp. Part I, p. 380) as compared with M-alkanols with near terminal 
hydroxyl groups, appears to be bound up with a diminished tendency to form 
hydrogen bonds. This is exhibited also in the relative boiling points of these 
alkanols (octanol-i, b.p. 196® c.; octanol-4, b.p. 173-175® c.) and in their Raman 
spectra (cp. Pauling *). 

TheType IV system (i6) obtained from 5 cc. n-octylacetate (b.p. 2x2-214® c.; 

1*4191) and 5 cc, sodium Cio-Cj, secondary alkyl sulphate solution S consists 
of sol Sj -f gel G (cp. Part I), Addition of o*i cc. of hexanol-i converts this 
Ss -f- G mixture into a clear homogeneous sol (S|) while 0*2 cc, hexanol-x gives 
a T5rpe II system^ (Method I (b)). Addition of 0*07 cc. ethylene glycol to the 
G + S| system gives a clear gel, 0^15 cc. gives a G + Sj system, 0*2 cc. a dear 
sol Si and 0*4 cc. a Type I system (Method II (h)). If the (heterogeneous) 
Type I and Type II systems produced with 0*4 cc, of ethylene glycol and 0*2 
cc. hexanol-z respectively, are mixed a clear homogeneous solution (Type IV) 
is produced. 

^ Pauling, Tbe Nature of the Chemical Bond, p, 304. 
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AHhaugh Table I records no case of a Type III system, such systems 
may be obtained with a single organic solvent employing suitable pro^rtions 
of the components. Thus mixtures were prepared containi^ methyl tsobutyl 
ketone (10 cc.) and aqueous solutions (10 cc.) containing various concentrations 
of sodium Cjo-Ci, secondary alkyl sulphates and 7 *t % (wt./voL) of sodium 
sulphate. Type III systems were produced at room temperature (20® c.) with 
concentrations of RS04Na less than 20 %. Above this concentration clear sols 
were produced. This behaviour is illustrated in Table II. 

TABLE II. 


% RSO«N« in Aqueous 
Solution, 

1 

2 

3 

B 

B 

xo 

14 

20 

239 

Upper layer cc. 

9-3 

9*3 

8-6 

8*1 

7-6 

6-5 

5 

nearly 

0 

Middle layer cc. 

0-8 

1*6 ! 


5*9 

6-9 

10-3 

13 

clear 

20 

Lower layer . 

9*9* 

9-1* 

nS 

6 

5*5 

3*2 

2 

sol t 

0 


• Cooling causes mutual solution of the lower and middle layers, 
t Cooling causes separation of an upper ketone layer, warming causes separa¬ 
tion of an aqueous layer, bpth changes being reversible with change of temperature 


Temperature Effects. 

It will be noted that the temperature effects recorded in Table I (19 and 26) 
and in Table II are the reverse of those most frequently found in these systems 
(Part I). This illustrates the great variability of temperature effects in ^lubil- 
ised systems. This subject will be discussed in a future communication. 


(6) The Effect of Dilution on Solubilisation; 

In Type I or Type II systems respectively addition of either organic 
liquid or aqueous solution of the same composition (apart from traces of 
C, etc.) as the excess phase can obviously exert little effect on J? or on the 
composition of th£ solubilised phase. Addition of O (wi^out alteration 
in composition of O) to a type IV or Type II system or of W to a Type IV 

TABLE III. 


Volume Water 
Added (oc.). 

Volume Cyclo* 
hexanone 
Added (cc.). 

Type of System 
mduced. 

<14 

0 

II 

14 

0 

IV (clear sol) 

14 

1 

11 

15 

I 

IV 

15 

2 

II 

16 

2 

IV* 

16 

3 

11 

17 

3 

IV* 

17 

4 

II 

18 

4 

IV* 


or Type I s3rstem will respectively increase or diminish' by mass a«^oii 
(Mefhods I (a) and II (a)). Addition of water to a system in which W is 
water + sodium sulphate wiU also te^ to increase i? by increasing 

through altering the composition of W (a» (HtO)» + Na,S04) favour of 
the more lipophilic (HtO)« (cp. Part II, p. 382). 
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The following two experiments provide examples of certain of these principles. 

(1) To lo cc. cyclohexanone (b.p, 155-57*0. ; nj® 1*4517) and 10 co. of S 
(v.s^ water and C3rclohexanone were added alternately. The types of system 
proonced are recorded in the following Table III. 

The sols marked i, 2, 3 showed increasing opalescence resprotively. 

(2) Cyclohexanol and water were added alternately to a mixture of 20 cc. 
of S (v.s.) and 20 cc. of cyclohexane. It will be seen from the following 
Table IV that added cyclohexanol produces changes in these systems in th<^ 
direction Type I IV -> II (Method I (b)) while added water produces changes 
in the reverse direction (Method II (b)), 

TABLE IV. 


Vol. of Cyclohexanol 
Added (cc.). 

Vol. of Water 
Added (cc.). 

Type of System 
Produced. 

0 

0 

I 

2*6 

0 

II 

2*6 

10 

IV (clear sol) 

2*6 

20 

IV (clear sol) 

2*6 

30 

IV (clear sol) 

2*6 

40 

I 

2*7 

40 

IV (clear sol) 

4*4 

40 

II 

4*4 

50 

IV (clear sol) 

5*0 

50 

II 

5*0 

60 

IV (clear sol) 

5*0 

70 

IV (clear sol) 

6*4 

70 

II 

6*4 

80 

IV (clear sol) 

7*5 

80 

TI (20 cc. aqueous 
layer; upper layer 
opalescent sol) 


The author wishes to thank N.V. de Bataafsche Petroleum Mij., and 
** Shell'' Refining and Marketing Co. Ltd., for permission to publish 
this paper, and Dr, P. J. Garner for encouragement given during its 
preparation. 

Summary. 

The classification of partly and completely solubilised systems and the theory 
of solubilisation advanced in Part I are used to interpret the solubilisation be¬ 
haviour of 30 organic liquids and their mixtures with certain solutions of sodium 
Cio •Cj, secondary alkyl sulphates. Dilution effects are also described in terms 
of the same theory. 

PART IV.—SOLUBILISATION WITH MISCELLAN¬ 
EOUS AMPHIPHILES. 

Received 11th February, 1947 as revised ^th June, 1947. 

In Parts II and III of this series, the application of the general theory 
of solubilisation advanced in Part I to various systems solubilised with 
a mixture of sodium secondary Cjo-Ci, alkyl sulphates has been described. 
The mixed Cjo-Cia alkyl sulphates were regarded as operating together 
as a stogie amphiphile. In the present paj^r the applicability of the 
th^ry of Part I to solubilisation with miscellaneous amphiphile^ is 
illustrated with examples involving Aerosol OT (sodium sulpho^dioctyl 
^oinate), sodium undecylate, mixtures of Aerosol OT and sodium tin- 
decylate, mixtures of sodium and organic ammonium secondary Cio-Cji 
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alkyl sulphates, sodium undecane-3 carboxylate, undecane-i and -3 
ammonium chlorides, sodium n-butyrate and sodium ifobutyrate. Al¬ 
though differing in detail, in maiii outline all the amphiphiles show very 
closely analogous behaviour to one another and to the mixed sodium 
secondary Cio-Cie alkyl sulphates described in Parts II and III. 

Experimental Results and Discussion. 

(a) Solubilisation with Aerosol OT. —The Aerosol OX used was that manu¬ 
factured by Cyanamide Products Ltd., London E.C. 7, and marketed as Aerosol 
OT 100 % Pellets. Apart from a little water it appeared to be substantially 

CH, . O . CO . C,H„ 
iH(SO, Na) 0 . CO . 

The relative solvent affinity of solvated Aerosol OT for organic liquids and 
water, is much more in favour of the organic liquids than is that of the mixture 
of sodium secondary C,o-Cj, alkyl sulphates discussed in Parts II and III. Thus 
in certain cases where the latter gives Type I systems. Aerosol OT gives systems 
of Type IV or II. 

Example I. A mixture of 10 cc. of a 20 % (wt./total vol.) solution of Aerosol 
OT (water content less than i %) in petroleum spirit (b.p. 65-95® c.) with 10 cc. 
of water gives a Type IV system at the stage intermediate between gel (G) and 
sol (S,) (Part I, p. 377). This may be converted into a petroleum dispersible 
sol S, by addition of cydohexauol (i‘i cc.) (Method I (6), Part I, p. 378). Gradual 
addition of ethylene glycol (Methc^ II (b)) gives first a gel, then (with 3*6-4‘0 cc.) 
a clear water-dispersible sol Si and finally a Type I system (with more than 4 cc.). 

Example II. When a small excess of water is added to 20 cc. of a 20 % 
solution of the above Aerosol OT in benzene, heterogeneous Type II systems are 
produced, ^ese may be converted into homogeneous benzene-dispersible 
sols by addition of ethylene glvcol (Method II (6)). This effect is illustrated 
by Table I. 

TABLE 1 . 


Water Added (cc.). 

^ Glycol Added (cc.). 

Type of Sjrstem. 

>1*95 

0 

11 

1*95 

5-8 

s. 

2*15 

5-« 

II 

2*15 

fi*3 


2*75 

6-3 

II 

2*75 

6*5 

S, 

3*^5 

6-5 

II 

315 

6-6 

S, 

3*3 

6*6 

II 


Example III. When a small amount of water (0-2 cc.) is added to 5 cc. 
of a 25 % (wt./total vol.) solution of Aerosol OT (water content 2 %) in highly 
refined mineral oil (Technical White Oil; Pool Oil Specification No. 31, S.G. 
0*835-0-875, Viscosity, Redwood I, 70-80 sec. at loo® f.) an oil layer separates 
and a Type I system is produced which may be made homogeneous by addition 
of, e.g. decanol-i (Part I, Method I (d)). With 5 cc. of a 25 % solution in CCI4, 
a small excess of water (0-5 cc.) gives a Type II system clarifiable by addition 
of ethylene glycol (Method II (6)). As would be expected therefore, a 25 % 
solution of Aerosol OT in a suitable mixture of CGI 4 and mineral oil wiM^give a 
homogeneous system vdth more water than a 25 % solution in either solvent 
singly (Methods I (6) and II (6)). In Figure I. and throughout paper 
R A 00 1 A 0^ has the same significance as in Part I where tne importance of 
the order of magnitude of if in solubilised systems has been discussed. ' 

(6) Solobilisatlon with Sodiunl lJndecylate.~~A 25% (wt./total yoL) 
solution of sodium undecylate containing o*o6 g. % of excess NaOH was prepar^ 
from pure undecylic acid {ex A. Boake, Roberts A Co.). This sample of tm- 
decylic acid had m.p. 25® c. (lit. 29*5-30*5® c,; equivalent, found 185*5, theory 186). 
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Solutions of 20, 15 and 10 % concentration were prepared by dilution of the 
25 % solution. Table II illustrates the very close analogy between the solubil¬ 
isation of (cyclohexane and cyclohexanol) mixtures by sodium undecylate (both 
in the absence and presence of added s^um sulphate) and the solubilisation 

of (petroleum ether and cyclohexanol) 
mixtures with sodium secondary Cj®- 
alkyl sulphates described in Part II. 
In Table II there is no marked 
appearance of a gel system recorded. 
If, however, the fi-alkanol. hexanol-i, 
is used in place of cyclohexanol, 
gel formation is strong as shown in 
Table III. 

As mentioned in Part I, gel formation 
is especially marked in systems con¬ 
taining an alkanol-i and an amphiphile 
with a M-alkane chain and its polar 
group in the -i position. Thus when 
an alkanol-i is added to certain Type 
I systems a wide range of compositions 
showing marked gel formation may be 
produo^ and a clear S| sol may not 
be distinguishable. The solubilised 
phase of the Type I system may take 
the gel condition before aU of the 
excess 
(C) 

Fig. I. —The volume of water soluble Aerosol OT and Sodium Unde- 
in 100 cc. of 20 % (wt./vol.) solu- cylate.—A mixture of 5 cc. of water 
tions of Aerosol OT In carbon tetra- 3-nd 5 cc. of a 25 % solution of Aerosol 
chloride-paraffin mixtures. OT (water content 2 %) in CCI4 gives a 

Type II system {/? > i) while a mixture 
of 5 cc. of a 25 % aqueous solution of sodium undecylate and 5 cc. of CCI4 give a 
Type I system (i? < i). In a system containing two or more amphiphiles these 

TABLE II.— Solubilisation of Mixtures of Sodium Undecylate Solutions 
( 5 cc.) AND Cyclohexane (5 cc.) on Addition of Cyclohexanol (con¬ 
taining 2 % OF Water) at 19® c. 


organic phase is solubilised. 

SolubillBation with Mixtures 



ConcD. of Sodium 
Undecylate 
Soto. %. 


Added Na«S 04 
(g') 


Descrtotlon of 



Volumes of Cyclohexanol (cc.) requimd to give Systems of Character Recorded in 
Left-hand Column. 



a-3 

mix with 
cyclohexanol j 
in all 

proportions 


4*a 

mix with 
cyclohexanol 
in all 

proporttona 
with alight 
opalaioenoe 


ii ^ 



ittyasin Part II, Table Ill 
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a|»pareatly often operate together similarly to a single amphiphile having approxi¬ 
mately the weighted mean prmrties of the individual amphiphiles present 
(cf. II, p. 382). This is well illustrated by the following two examples. 


TABLE III.— Effect of Addition of HexanDl-i to a Mixture of 5 cc. 
Sodium Undecylate Solution (20 % wr ./total Vol.) and 5 cc. Cyclo¬ 
hexane AT 19° c. 


Added Na«S04 (g )- 

0 

0*2 

DMoriptlon of System Produced. . 

Volume of Hexanol'X (cc.) Required to five 
System of Character Described in Left- 
hand Column. 

Type I systems (emulsions) 

<1*25 

<0-8 

Excess oil phase just solubilised 

Clear sol (S^) (very bubbly) 

Thin clear gel (S^ + G) (apparently a 

1-25 

0*8 

1-25 

0*8 

homogeneous mixture) 

1*40 

0‘95 

Thick clear gel G. 

i‘5-2*o 


Hasy mix (G -f Sj) 

2*1 

1*2 

Clear sol . 

*- 75 - 8 -i 

1*35-1*65 

Aqueous phase just precipitating 

8*1 

1*65 

Type II systems ..... 

>8*1 

>1*65 


Example I, When the 25 % aqueous sodium undecylate solution is added 
to the Type II (CCl4-Aerosol OT—water) system above, the changes recorded 
in Table IV are observed at room temperature (ca. I9®c.). 

TABLE IV. 


Vohime of Sodium 
Undecylate Solution 
Added (cc.). 

1 

Probable Order 
of Magnitude of R. 

Description of System. 

<0*8o 

0’8o 

0*85 

0-95 


1 

Type II (excess water) 

Clear sol S* not dispersible in water 

Hazy mix (S, -f G) 

Thick slightly opalescent gel 

I-OO 

R 1 


Clear thick gel G 

1*20 

2-25 

1*50-1-85 
>2*85 

B 

1 

Thinner gel 

Hazy mix (G + SJ 

Clear water-dispersible solution Sj 

Type I system (excess CCl 4) 


*5 % solution of Aerosol OT in CCl* is 
added to the Type I CCl^-sodium und^yiate-water system, changes in the reverse 
order are observed as shown in Table V. 


TABLE V. 


V^ume of Aeioaol OT 
Solution Added* 

Probable Order of 
Mafttitttde of Jf. 

Description of System. 

it' 

<3*5 

3*5 

3-7 

« < 

Type I system 

Clear water dispersibla solution S| 

^ 

4*6 

R'^i 

TMck clear gel 

6*3 

R> I 

G -h S, 
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From the point of view of the theory of solubilisation advanced by 
Schulman ^ the last two examples and also that given under (a) Example 
III above, are noteworthy since the organic liquid solubilised contains 
no component of appreciable dipole moment or '* surface active char¬ 
acter. It is also to be noted that while the S, sol under I contains a 
considerably higher W /0 ratio than the Si sol under II, the former 
does not disperse in water while the latter disperses readily. The possible 
nature of the structural differences which may lead to these differences 
in dispersibility of Sj and S| sols has been discussed in Part I. 

(d) Solubilisation with Mixtures of Sodium and Organic Ammonium 
Secondary Gio-Gig Alkyl Sulphates. —Of the numerically classiffed methods 
of increasing i? given in Part I, method I (c) involves increasing the lipophilic 
solvent affinity Ai^ of the amphiphile C. This may be done by increasing 
the size of the organic radical present in C, cp., e.g. the recent work of 
Durand * on the solubility of benzene in aqueous solutions of the sodium 


TABLE VI. 


Organic Liquid. 

Dicth yl'anunoni urn 
Chloride. 

Cyclohex yl-ammoni urn 
Chloride. 

M^octyl'ammonJuin 

Chloride. 


s,. 

G. 

S,. 

Si. 

G. 

s*. 

Si. 

G. 

s*. 

Petroleum 

2-3- 

4-1 

4*6- 

0*91- 

1-25 

indis- 

0*76- 

1*2 

indis- 

ether (b.p. 






tinct 



tinct 

40-60° c.) 

3*0 


5-Iar 

1*02 


1*6, 

0*93 


i*4i 

Xylene (mixed 


i'8 

2*1- 

0*64- 

0-96 

I'l- 

0*67- 

0*96 

I-I5- 

isomers) 

1-5 


2*5«. 

0*76 


1*25 

072 



Carbon tetra¬ 

0*72 

i‘i 

1*3- 

0*44 

1 0*75 

0*98- 

0-59 

0 74 

0*90- 

chloride 

0*92 


1*8^ 

0-48 


1-07, 

0-63 


0*97. 


salts of the Cj-Cn «-fatty acids. Another means of increasing A available 
when C contains an inorganic ion, is to replace this ion partially or com¬ 
pletely by a more lipophilic organic ion. In the case of tfae sodium 
secondary Cjo-Cia alkyl sulphates already referred to in Parts II and III, 
this may be accomplished by the addition of an organic ammonium halide. 
The double decomposition reaction 

X* S04Na -f AmCl X* S04Am -f NaCl 

then occurs to an extent regulated by the amount of organic ammonium 
halide added. The sodium halide pr^uced in this reaction is also instru¬ 
mental in increasing the value of i? since, as explained in earlier papers, 
an increase in the inorganic salt content of W, other things remaining the 
same, diminishes Aow and increases E (Method I (d)). 

When the above reaction is incomplete the mixed ampbiphiles 
X.S04Na and X.804Am operate together as an amphiphile of inter¬ 
mediate properties in a manner similar to the sodium undecylate Aerosol 
OT mixtures described in the preceding section. Table VT provides 
examples of the solubilised systems which are produced on gradually 
adding diethylammonium chloride, cyclohexylammonium chloride or 
octylaitLmonium chloride to the Type I systems derived from 50 cc. of 
petroleum ether (b.p. 40-60® c.), xylene or CCI4 and 50 cc. of the aqueous 

^ Schulman, Trans, Faraday Soc., 1946, 43B> 165. 

• Durand, CompL r$»d„ 1946, 233, 898. 
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solution of sodium secondary Cio-Cjs alkyl sulphates, S, referred to in 
Parts II and III. The solution S contains 23*9 g. sodium alkyl sulphates 
and 7*1 g. sulphate per 100 cc. solution. 

As the organic ammonium chlorides are added to the Type I systems 
these pass successively into clear water-dispersible sols Sj, clear water- 
dispersible gels, clear sols S* and Type II systems. Between S| and G, 
and between G and S, heterogeneous mixtures of Sj and G, and of G and 
St respectively, are produced. The sols St may be either water or solvent 
dispersible as indicated in Table I by the subscripts a; or s respectively. 
In this table are given the weights of the organic ammonium chlorides 
which produce sols, G gels (maximum gelation point indicated) and St 
sols when added to mixtures of 50 cc. of S and 50 cc. of the Organic liquids. 
Judging from their differences in refractive index and density, the differ¬ 
ence in composition of the conjugate sol and gel phases is not great. 
Either for this reason, or because the process is truly continuous, the point 
of apparent disappearance of gel in two of the cases indicated in Table I 
could not be at all precisely distinguished. 

TABLE VII.— Effect of Addition of Cyclo- 

HEXYLAMMONIUM CHLORIDE TO lOO CC. OF A 

Solution Containing 3*55 g. Sodium Sul¬ 
phate AND 12*0 g. of Sodium Secondary 
C,®-C|, Alkyl Sulphates. 


Wt. of Cyclohexyl¬ 
ammonium Chloride 
Added (g.). 

1 

Character of Resulting Mixtures. 

0*0 

Clear solution 

1*0 

Clear solution S| 

2*0 

Hazy mix (.S, -f G) 

2-5 

Fairly thin clear gel G 

30 

Fairly thin clear gel G 

325 

Rather thinner clear gel 

3*5 

Hazy mix (G -f S,) 

3-6 

Clear mobile solution S, 

3-8 

Clear mobile solution S, 

40 

Aqueous layer commences to 
separate (Type II system) 


Structures of S|, G and Sj.—A tentative suggestion as to the nature 
of the structural differences existing between solubilised systems in the 
Si, G and S, conditions has been advanced in Part I. Whatever the 
explanation of these differences, however, it must be reconcilable with 
the fact that all three conditions may be obtained in aqueous amphiphile 
solutions in which no'organic liquid is present. It is also probable that 
the same three conditions are also realisable in solutions of certain amphi- 
philes in organic solvents in absence of water. This question is now being 
investigated. In general it appears that the relationships of amphiphiles 
with water on the one hand and with organic liquid on the other, are of a 
very symmetrical character. 

The experimental details of the case of the production of aqueous 
amphiphile solutions in the S^, G and S* conditions in the absence bSany 
organic liquid which was mentioned in Part I, may appropriately be re¬ 
corded here. Table II shows the effect of adding successively increasing 
amounts of cyclobexylammonium chloride to mixtures of 50 cc. of the 
sodium secondary Cio-Cn alk^d sulphate solution S and 50 cc. of water. 
Such mixtures contain 12 g. of s^ium alkyl sulphates which are ap¬ 
proximately stoichiometrically equivalent to 5*1 g. of cyclohexylammonium 
ohlodde. 
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(«) SolubiUsatioat with Sodium Uitdecane-3 Sulidiafje, Sodium Undo** 
catie*3 Garboxylate aud Und6cme*3 Ammonium Chloride. —In order to 
obtain some comparison of the hydrophilic solvent affinities of the —S04Na^ 
—CO|Na and —^NHsCl groups the above tmdecane-3 derivatives were prei>aied by 
standard S3mthetic methods. The first two compounds were very soluble in water 
and were not obtained in the crystalline condition. Undecane>3 ammonium chlor¬ 
ide (m.p. 109-110® c.; equivalent, found 207*6 ; theory 207*5) crystallised readily 
from water at room temperature, but was freely soluble at 45® C. 20 % (wt./total 
vol.) aqueous solutions of all three compounds, containing only traces of in¬ 
organic salts were prepared,^ the solutions of the sodium ^ts at room temp¬ 
erature (20® c.) and of the amine hydrochloride at 45® c. 5 cc, portions of 
these solutions were mixed with 5 cc. portions of cyclohexane both in absence 
of sodium sulphate and with 0*2 g. added. These mixtures were titrated with 
hexanol-i, in the case of the sodium salts at room temperature, and in the case 


TABLE VIII. 


Column No. 

X 

2 

3 

4 

5 

6 

Amphiphile 

C^H^SO^Na 

CuH„CO,Na 

CuH„NH,a 

NajSOi added (g.) 

B 

0*2 

0 

0*2 

0 

0*2 

Description of 
Sjrstem Product. 

cc. hezanol-x required to give systems described in left-hand column 

Type I 

Gear sols 

Sol gradually 
changes (S| + G) 
without betero* 
geneity to a thin 
gel G (G -f S,) 
(hazy) clear sol S, 

T3rpe II system 

<0*90 

0*90 

r 

1*20 

Ji 

>a'0 

< 0*55 

0*55 

Passage from 
Sj to S| 
continuous 
without 
heterogeneity 
or gelling 

>0*75 

< 1*05 

1*05 

***5 
• i* 35 < 
1*55 

- 

>2*90 

<o*8o 

o*8o 

Passage from 
S| to S, 
continuous 
without 
heterogeneity 
or gelling 

> 1*05 

<0*60 

o*6o 

Passage from 
S, to S, 
continuous 
Breakdown 
of Sg sol 
commences 
with gel G 

x*8o showing 
opalescence 
which gradu* 
ally increases. 
With 2*3 cc. 
two opalescent 
phases separate 
on standing 

0*13 cc. gives 
Type III 
system. Upper 
layer 2*6 cc. 
middle 5*2 cc. 
lower 2*6 cc. 


of the amine-hydrochloride at a slightly higher temperature and before crystal¬ 
lisation occurr^. The comparative results are recorded in Table VIII. The 
non-abrupt breakdown of the S, sol recorded in column 5 has also been ob¬ 
served in other S| S3rstem8 of radier low amphiphile content and low inorganic 
ssdt content. 

Assuming that the lipophilic character of the undecane-3 remains the 

same in all three amphiphiles the above results indicate, in terms of the theory 
advanced in Pert I, that while the hydrophilic solvent affinity of the —CX>tNa 
groujr may be slightly above that of the —S04Na group in this series, the 
—^NHyQ group has a markedly smaller hydrophilic solvent affinity than either 
of the anionic groups. 

(/) SolubiliMitioti with Undecane-l Ammonium Chlorkle and Undo* 
casia-3 Ammonium Ghloiido. —^Undecane-x ammonium chloride (m.p. z68- 
170^ c.; equivalent: found 206*0, theory 207*5) was prepared from imdecylic acid 
(v.s.) via the amide and nitrile. Although undecane-i ammonium dxloride has a 
higher m.p. (168-170® c.) than undecane-3 anunonium chloride {in.p. xoq-izo^ c.l 
it is more soluble in water at room temperature and readily gives a so % 
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(wt./total voL) solution. 5 cc. portions of this solution and 5 cc. cyclohexane 
were mixed both with and wiwout 0*16 g. added sodium chloride, and the 
mixtures titrated with hexanol-x at roqm temperature. The behaviour observed 
ii^ shown In Table IX. 


TABLE IX. 


NaCl Added («.) 

O' 

0'i6. 

Hexanol>i 
Added cc. 

Condition of Syttem. 

0 

Thin emulsion 


0*1 

Thick emulsion 

Thin emulsion 

0*2 


Thick emulsion 

0*25 


Clear sol 

0*33 


Clear thin gel G 

0*42 


Clear sol 

0-50 

Patches of thick white emulsion 
suspended in clear gel 

T)rpe II system 

o*8o 

Clear gel G 


0*90 

Hazy mix (G + S,) 


1*20 

Clear water dispersible sol S, 


2*90 

Sol begins to show opalescence 


3*02 

Type II system 



Compared with the behaviour of undecane-3 ammonium chloride 
shown in Table VIII, there is a very nxuch greater gelling tendency with 
undecane-1 ammonium chloride and the range of solubilised compositions 
is increased. This is especially evident in the presence of added NaCl. 
Under comparable conditions to those of Table IX, with 0*16 g. sodium 
chloride undecane-3 ammonium chloride gives a Type I system which 
passes into a Type III system (lower layer o*8 cc., middle layer 6*3 cc., 
upper layer 3*1 cc.) on addition of o*i cc. hexanol-i. This system is super¬ 
saturated at room temperature and undecane-3 ammonium chloride 
slowly crystallises. The results apparently indicate that the ammonium 
chloride group exerts a greater hyckophilic solvent aflinity when attached 
to the -I position of the n-undecane chain than when it is attached to the 
-3 position. 

(g) Solubilitatioii with Sodium n-butyrate and Sodium /sobutyrate.— 

In amphiphiles of lower molecular weight as compared with the 
lipophilic solvent affinity, the hydrophilic solvent affinity becomes pro¬ 
gressively more marked and the tendency to produce Type I systems 
< i) becomes greater. These amphiphiles belong to the range of 
the hydrotropic salts,** whose solubiiikng properties were first described 
by Neuberg.* There is, however, a continuous gradation in behaviour as 
solubilisers, between the ** hydrotropic salts ** or low molecular weight 
^phiphiles and the ** detergents " of higher molecular weight. 

This gradation in propei^es was illustrated clearly in the early work 
of Engler and Dieckhofi ^ who studied the solubilisation of hydrocarbons, 
fatty acids, phenols and mixtures of these in soap solutions. They 
showed the gradual increase in the effectiveness of solubilisation (in systems 
of the type now clarified as Type I), as the series of fatty acid soaps is 
ascended. For a given amount of solubilisation progressively dataller 
quantities of soap are required in passing from the C4 to Qi soaps. The 
same gradation has also recently been very dearly demonstrated by 
Durand • in a study of the solubility of benzene in aqueous solutions, of 
the sodium salts of the Cj-Cn «-latty acids. The following examples 

* Neuberg, Biochem, Z,, xgxfi, 76 , 107. 

* Engler and Dieckhoff, Arch. Pharm,, 1892. 561, 
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using sodium but3nate and sodium • 5 obut)uate, further illustrate the very 
closely analogous behaviour of these typical hydrotropic salts and the 
amphiphiles of higher molecular weight. 

Example i. When octanol-i is gradually added to 5 cc. of a 50 % (wt./total 
vol.) solution of sodium fi-butyrate the following systems are successively ob¬ 
tained at room temperature (19® c.) 

(a) With 0-3 cc. octanol-i ; clear isotropic solution (Sj), {b) hazy mixes (Sj+G), 
(c) with 5-6 cc. octanol-i; a clear stiff gel (G), strongly birefringent, (d) tvi^ 
^10*5 cc. ; hazy mixes of gradually diminishing thickness (G -f- S,), (s) with 
more than ii cc. of octanol-i; clear isotropic solutions (S,). 

It appears that these changes (a)~(e) are the usual ty^ of S^, G. S| change 
which occur as i? is increased. In this case the increase in 12 is brought about 
by the simple mass action effect of increase of the relative concentration of O 
(Part I, Method I (a)). With the concentrations of n-butyrate used, 1 ? is at no 
stage sufficiently small to produce a Type I system, but the completely solubilised 
system passes from the stage (It < i) to the gel stage (JR 1) and into the 
S, stage (R> 1). A tyj^ II system is not produced, the S, sol being miscible 
with octanol-i. This point is further discussed below. 

Example 2. Using sodium isobutyrate in place of the w-but3rrate in Ex¬ 
ample I, the gel stage produced is much less evident, being marked only by a 
small haziness with from 5-6 cc. of octanol-i. Otherwise the behaviour is the 
same in the two cases. The relative behaviour of the n-butyrate and isobutyrate 
is thus another instance of the greater tendency to gelation which occurs with 
alkane-1 sodium salts in conjunction with i-alkanols. 

Example 3. Addition of octanol-i at room temperature (18® c.) to mixtures 
of 5 cc. of cyclohexane and 5 cc. of aqueous sodium isobutyrate solutions of 
concentration 65*5, 59*0 and 55*6 % (wt./total vol.) produces clear solutions 
(Type I s3^tem-> Sj sol) with 3-4, 47 and 6 3 cc. of octanol-i respectively. 
These solutions are completely miscible with octanol-i. 

A mixture of 5 cc. of a 50 % sodium i^obutyrate solution with 5 cc. of cyclo¬ 
hexane gives with 5 cc. of octanol-i a Type III system (upper layer 3*6 cc., middle 
layer 9*6 cc., lower layer 2*8 cc.). With 7*5 cc. of octauol-i a Type II system is 
produced (lower layer v^cc.) while with more than 15 cc. octanol-i, homogeneous 
solutions are produced. 

In considering these results, the not inconsiderable solubility of water 
in octanoI-i or other alkanols must be borne in mind. This can prevent 
the breakdown of S, sols into Type II systems where this might otherwise 
be expected. It may even lead to resolution of the aqueous layer on further 
addition of alkanol to certain Type II systems, as in the case described 
here. 

The writer wishes to thank the N.V. de Bataafsche Petroleum Maat- 
schappij and “ Shell Refining and Marketing Co., Ltd., for permission 
to publish this paper and Dr. P. J. Garner, Senior Chemist of these Labora¬ 
tories, for his encouragement during its preparation. 

Summary* 

Examples of the mutual solubilisation of water and various organic liquids 
by means of Aerosol OT, sodium undecylate, mixtures of Aerosol OT and sodium 
undecylate, mixtures of sodium and organic ammonium secondary Cxq-C|| alkyl 
sulphates, sodium undecane-3 sulphate, sodium undecane-3 carboxylate, un- 
decane-i and -3 ammonium chlorides, sodium n-butyrate and sodium isobut^ate 
are described. All these examples conform in general outlines to thfe classifica¬ 
tion of partly and completely solubilised systems given in Part I and to the 
theory of solubilisation there advanced. 
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1. Introduction. 


Attention has recently been directed to two reaction schemes * 
each capable, through a time lag between energisation and reaction, •• ^ 
of giving first order kinetics.* 


fast Blow 

(i) Normal molecules ^ Energised Molecules Activated molecules 

fast iaat 

Resultants 


faat 


faai 


(ii) Normal Molecules Energised Molecules ^ Activated Molecules 
fast fast ikw 

Resultants. 


In scheme (i) the second step (energisation activation) is rate-controlling 
(Polanyi-Hinshelwood hypothesis *). and in scheme (ii) the third step is 
rate-controlling (Kassel •). These schemes have led to well-known formulae 
for the rate constant. When it is assumed that the rate at which 
energised molecules become activated, is independent of the total energy 
of activation the Polanyi-Hinshelwood hypothesis gives for the first order 
velocity constant t • 




I 1, 2, 


(£ ^sRT). 


(I) 


However, it has been pointed out that the assumption that is independent 
of the total energy of activation E is not only intrinsically unlikely, but 
also leads to a functional relationship between the actual velocity “ con¬ 
stant ” k, the limiting constant Aum and the concentration A of the form 

A uni const. . . 

+ _ . , , . 


which is not borne out by experiment.* 

Thus the Polanyi-Hinshelwood hypothesis, following scheme (i), 
needs reformulating, without assuming that A« is independent of E, 
Moreover two fundamental aspects of the theory of reaction rates arise 
especially vdth scheme (i), which have remained in almost complete 
obscurity. Firstly, how quickly do energy distributions change in a 

* Eley, Trans. Faraday Soc., 1943, 39, 168. 

* Evans and Rushbrooke, ibid., 1945, 41, 621. 

* Lindemann, 1922, ly, 399. 

* Christiansen. Reaktionskinetische Studien (Copenhagen, 1921I, pp. 50-5L 

* e.g. Polanyi, Z. Pkysik, 1920, l, 337. Hinshelwood, Kinetics of ChenHcal 

Change (O.U.P., 1940). ^ 

* Kassel, Kinetics of Homogeneous Gas Reactions (Chemical Catalogue Co., 
1932). Rice and Ramsperger, J. Amer. Chem. Soc., 1927, 49, 1617. 

* By energised is meant containiag a sufficient excess of energy for re¬ 
action. but with the energy not distributed suitably for reaction. By " activated 
it is implied that this energy is so distributed that reaction can occur. 

t s aenotes the number of degrees of freedom containing the energy > E. 
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molecule independently of external collision or relative to the lifetime of 
the energised state.* Secondly, how quickly'does an energised molecule 
become activated (determining the value of A*). This problem will depend 
markedly upon the particular mechanism of reaction, because this governs 
in part the critical distribution of energy. The present paper is concerned 
with the above three aspects of the problem of ** unimolecular reactions. 

2 . Phenomenological Relationships.—^The well-known model (cf. ref, 2) 
embracing schemes (i) and (ii) of section (i) must first be re-formulated, 
considering separately the group of molecules containing say j quanta, 
that containing j + i quanta, and so on. To do this, let A denote the 
concentration of normal molecules. Also let 


Ax* = the concentration of energised molecules with just the critical 
number j of energy quanta needed for reaction, 

At* the concentration of energised molecules with just j + i quanta. 
At* = the concentration of energised molecules with just / -f 2 quanta, 

and so on. Again, let 

Ax* = the concentration of activ^ated molecules with just the critical 
number j of quanta correctly distributed for reaction, 

At* = the concentration of activated molecules with j + 1 quanta cor¬ 
rectly distributed for reaction, 

At* =« the concentration of activated molecules with j 2 quanta cor¬ 
rectly distributed for reaction, 
etc. Then the model becomes : 

Forward Backward 


Step (i) (energisation) 


Step (2) (activation) 


Step (3) (reaction) 


’ A -j- A Aj* -j- A 


*ft| 

A -f- A ^ A|* -f* A 

’*t 

•ft. 

A + A ei A,* + A 
etc. 


•ft. 



‘ft. 

A/zr.A,* 

**. 

•ft. 

A,*;rr.A,* 

etc. 

•*. 

•ft. 

A,*^ B -f C 



A,* B + C 

•ft. 


A,+ -► B + C 
etc. 

•ft. 



It can now be seen that the following equations relate in the steady state 
to each group of energised and activated molecules : 


Rate of reaction 
For all groups; 


df 


= ^ktAAx* + - ^htA* 

^kaAx = ^ktAx* -f ^htAx*. 


^ht(^kt 4- ^kt)A .f • 


kx = £% 

kt = £^kt 


and the total reaction rate is 




2 dT = + 


hA 


(3) 

(4) 

( 5 ) 

( 6 ) 

( 7 ) 

( 8 ) 


* Ws is neMssary in particular if the use of statistical 

assuniiag ^niUbrium distributions of energy quanta is to be justified. Thus 
in ref. 2, eqn. 6 may not be valid for scheme (i), for this theorem applies to the 
efuiWMvm state between energised and activated molecules, whereas in scheme 
(1) equilibrium, at least of concentrations, is here not estaUhdted. 
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. 1 V_ 

■” 

These relationships generalise the usual equations so as to apply to the 
case in which we are interested when each group of energised or activated 
molecules contributes differently to the overall reaction velocity of eqn. (8), 
i.e. when the /?o's, etc., vary from one group of molecules to another. 
The following implications from eqn. (3) to (q) may be noted. 

(1) Some groups of molecules may make second-order contributions 
to reaction while others make first-order contributions. 

(2) For an entirely second-order reaction one must have for all sets of 

A's throughout the summation in eqn. (9), -f- ^k^)A ^ ^k^^ka, so that 

k = = M*.(10) 

(3) For an entirely first-order reaction one must have for all sets of 

^’s throughout the summation in eqn. (9), 4- ^k^)A >• so that 


^unl = 




(4) If step (2) is rate-controlling, ‘^5, so that 




=i'4; 


(12) 


(5) If step (2) is rate-controlling, one also has for reaction of inter¬ 
mediate order 

* = .... (13) 


fA -f- 

so that the relation between Aunt (eqn. (12)) and k of eqn. (13) is 

1/1 

k„n, 

A _ 'kt'k.A 

2.*A,/4 + ‘A. 


(14) 


which replaces eqn. {2), the relationship indicated by Evans and Rush- 
brooke,* and which was shown by them to be contrary to experiment. 
Thus the difficulty to which the Polanyi-Hinshelwood hypothesis leads 
if kft is assumed to be independent of E may be removed when the model 
is extended in the manner indicated in this section. 

(6) If step (3) is rate-controlling, ■< so that 




Itl Ihi 


(15) 


Most of these consequences are generalisations of relationships already 
given. We are particularly interested in eqn. (12) corresponding to the 
Polanyi-Hmshelwood h)rpothesis, and require to evaluate the right-hand 
side of this equation explicitly. To do this we shall discuss a simple 
idealised reaction model, and subsequently (section (9)) refer to possible 
improvements. 

3. Molecular Model for Reaction,^ —^The case of a two-radical molecule 
R—R will be considered in which, when a critical amount of energy enters 
one radical, there occurs a reacticm such as intra-molecular rearrangement 
or decomposition. During the period of a vibrational collision between 
the two radicals the chance that an energy quantum passes from* one 
radical to the other is p, and that a quantum is not so transferred is (x — p). 
When the two radicals are identical, p will be the same for a quantum 
transference in either direction, but ^ the radicals are difierent the chance 
will be ^1 in one direction and p^ in the of^er. While an unsyimnetrical 


^ Glasstonp, Laidler and Eyring, Theory of Rate Processes (McGraw HiU 
Book Co., I 94 i)» P- 286. 
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molecule introduces no new principle into the calculations, we Shall 
coiahne the present discussion to the simpler case of symmetrical molecules 
R—R. The chance during the interval i/«tf of a vibrational collision of 
frequency w that a distribution n fn,m between the radicals of a total 
number n of similar quanta becomes another distribution can now be 
expressed as an algebraic function in p and (i -- p)* For example, the 
chance that the distribution » m, m becomes o, n (or n, o) 'in time r/oi is 

= ?"‘{i - :/>)*•”"■• *f - />)***. . . (*6) 

(or 0,11) 

It is also assumed that when the molecule possesses a minimum of, 
say, j energy quanta the reaction occurs if the distribution of quanta is 
j, o (or o, j). When the molecule possesses j + i quanta the critical dis¬ 
tributions are 7 + i, o (or o, j -f- i) and j, 1 (or i, j). If there are 7 -f 2 
quanta the critical distributions are y -f 2, o (or o. j + 2) ; j i, i (or 
1, j -f i); andy, 2 (or 2, j), and so on for still larger numbers of quanta. 

4. Proportions of energised Molecules having Just y> / + 

Quanta.—^Let ai be the fraction of all the energised molecules in the 
steady state which have onlyy quanta, a* the fraction with just y -f i 
quanta, and so on. Set * 


^ 2 L{s-i)\\rt) ( 








e-XIRT 




= y — I — f ^ ) e-«ilRT - 1 - ( El ) ^-XiiRT 

where are the fractions of all the molecules having total 

energies in their .s degrees of freedom > J?, iTj . , . If E corresponds 
toy quanta, Ei toy -f i quanta, etc., one may write approximately 

= a, : = a,, etc. . . . (iS) 

9 9 

If the unit quantum is h wi one has accordingly t 








RT 


• £ > sRT for all the reactions under discussion. Accordingly the second 
term on the right-hand side is likely to be a reasonable appxoximation. 

t The applicability of eqn. (19) raises a point of interest. This eqn. should 
hold for the Kassel hypothesis in which statistical equilibrium obtains ior both 
steps (i) and (2). In the Polanyi-Hinshelwood hypothesis, however, one has 
equilibrium Only up to stage (i). In this case if all molecules receiving the 
necessary energy to react initially have the energy unsuitably distributed for 
inaction, eqn. (19) is still valid, and reaction may m entirely of first order (eqn. 
(12)); pVLt if in some molecules the energy is initially distributed suitably for 
reac^n thes0 read forthwith bimolectUarly. Therefore only in t^ first instance 
is the wholly first-order reaction being discussed possible, so that it is a corollary 
of a wholly first-order reaction according to the Polanyi-Hinshelwood hypottois 
that eqn. (19) must be applicable. 
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to (15) the quotients 
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, 

— — —^ .are given by 


■Ai ■ 

„ ^ ^. 1 


'1 

'A. ” 


[rtj 


irn^O 


I 

‘At 

„ *. 1 

fEi\ 


w 

II 

* 2 .(s - I)!' 

[RTJ 
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Then in eqn. (ii) 


(20) 


and so on. 

5. Equilibrium Distributions of Quanta between the two Radicals.— 

Upon energisation and at equilibrium in absence of a reaction, thb fraction 
of the molecules having n quanta which has the distribution n — m, w 
between the two radicals is 

. . . (21) 

because the factorial quotient gives the number of ways of obtaining the 

^ 

(« — fn)\m\ 


distribution n m, m ; and 2" 


is the total number of 


ways of distributing the quanta between the two radicals. 

When there are n == j -f ^ quanta and the several most unequal dis¬ 
tributions lead to reaction (i.e. n, o or o, « down to n — q, q or q, n — q) 
these distributions will be missing by reaction from the final equib’brium 
of distributions. However, each remaining distribution, typified by 

1^1 

n — m, w can still be obtained in - —- —, ways, and thus the fraction 


where = 


fi 


ft! 


(n — m)\ml 

nl r I 

(n — m)lm\\ 

' La" — 2 Ar„ 


( 22 ) 


ff-0 


-f 


n\ 


It is seen that «, == i 


(n — ^)!^! q\(n — ^)!* 
whether there is or is not a critical distribution. 

6. Rate at which non-equilibrium Distributions become equilibrium 
ones. —Upon energisation there may be non-equilibrium distributions of 
quanta. However, it will now be shown that for a range of values of p 
these will become equilibrium ones very rapidly. We have seen how the 
chance that one distribution becomes another in the time i/co may be 
given ^ a function of p and i -- P, using eqn. (16) by way of illustration. 
A specific example of the i»ite of change of energy distributions of n = 6 
quanta will now be formulated in terms of such functions. The calculation 
can be carried out similarly for any value of n but becomes lengthy if n 
is large. 

(1) Initially there are 3 quanta associated with each radical 

p.. = F, = - /.)• + _ P)* + /,• + (!_ py 

* 4. J or t. 4 ^ t ~ -Fi ~ — p)* -f. (l — PY -{- 6^*(l ~ P) 

Ff, 1 O? I, i ^ 1. I « Fj s=: 6^*{l — PY -f- 6p*(l — PY 
Fi. 0 or o» • F4 sss 2p^(l — PY* 

u 

(2) Initially there are 2 quanta associated with one radical and 4 with 
the other 


( 23 «) 


F. = I2(/>»(I 


F|. a 4, t 

F*. I or t, 4 <- 4.1 = Fi 
Ff, t wr 1. i ^ 4,1 — Ft 
F#, 0 or i, i 4. • == Fi 


e>»(i -- PY + 4^(1 - PY -h 4 ^*(I - P) 
I 4 ^*(I PY ~ + (I - />)• 

8/>*(l - PY + 2P(1 - PY -i- 2p»(j - p) 

P^(i - PY + - py 


(236) 
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(3) Initially there is i quantum associated with one radical amd 5 with 
the other 


^1.»I == = iop^{i - PY + io/>*(i - pY 

P*. 1 or 4^5. J =* i^io = 5P^(l -P) + 5P{1 - PY, + 20p^{l - PY 

Pi. 1 or 1 . 4 1 - Fn - 5^ *(I - PY + 5P^I -PY+P^ + (I- PY 

P 6 . 0 or 0. 6 1 ~ >^1* = P(^ — P)^ P^{l — p) 


(23^) 



t in intervals of i/cu (cu » frequency of vibrational collision of the two radicals in 
a bi-radical molecule R ~ R). 

Fig. I. —Kinetics of transfer of six energy quanta, initially having a distribution 
3 : 3 between the two radicals of a two-radical molecule R — R. The prob¬ 
ability, p, of a quantum transfer in the interval ijta is taken as either 
^ Bs o‘i or p^ 0*9. If ^ s= 0*5 the equilibrium distributions of the quanta 
are established in the interval i /ai, so that over the whole range 0*1 <p < 0*9, 
equilibrium is rapidly set up independently of external collisions. i/« is the 
interval between successive vibrational collisions of the two radicals R. 


(4) Initially there are no quanta associated mih one radical and 6 with 
the other 

p., = Fit — 2op*(x — P)* T 

= Fn = - PY + - PY 

Pt,lori,t*-ttt — Fit — ~ P) + 6 p{l — PY 

P*. 0 or 0 = Fit = P* ■+ (l — PY 


(23d) 
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As 8(Jt)n as the algebraic functions corresponding to eqn. {^za-d) are 
obt^ed for w 6 or any other value, the following general proc^ure 
gives the change of distribution with time. After the first vibrational 
collision, assuming say an initial distribution 3, 3, one has Fj, Ft, Ft and 
Ft as the proportions with distributions 3, 3 ; 4, 2 or 2, 4 ; 5, i or i, 5 ; 
and 6, o or o, 6 respectively. After the second vibrational collision one 
has 

Fi - -f FtFt -h FtFt -f FtF^t 

— proportion with distribution 3, 3. 

Ft' - F,Ft -f FtFt 4 - FtFyt -f F^Fyt 

~ proportion with distribution 4, 2 or 2, 4. 

Ft' - FtFt + FtFt + FtFtt 4 - 

= proportion with distribution 5,1 or i, 5. 

F/ - FtFt 4 - FtFt + FtFtt -f F^F,, 

= proportion with distribution 6, o or o, 6. 

Similarly, after the third vibrational collision 

Ft" - Ft'Ft 4 - Ft'Ft 4 - F.'F, 4- F,'F„ 

= proportion with distribution 3, 3, etc. 

By evaluating these functions starting from eqn. (23^-^) and plotting 
them as functions of the number of collisions, i.e. of the number of time 
intervals i/cu, the approach to equilibrium was expressed graphically 
for different values of p (Fig. i). When the initial distribution is 4, 2, 
etc., or any mixture of distributions 6 — w, w, one proceeds in an analogous 
manner. It will be seen from Fig. i that the final proportions of the differ¬ 
ent distributions is given by eqn. {21), thus affording a check on the cal¬ 
culations. If critical distributions for reaction occur these must be 
omitted from eqn. (23 a-d), and the final equilibrium of distributions will 
be that expressed in eqn. (22). 

Fig. I shows that when o*i < p < 0*9 and n = 6 distribution equili¬ 
brium is achieved within a few vibrational collisions, and so well within 
the interval ^ lo"*'® sec. at n.t.p. between successive collisions of separate 
molecules. For larger values of n it is possible that equilibrium might be 
established more slowly. However, when p = 0*5, equilibrium was 
established by a single vibrational collision, i.e, within sec., and 

this result is moreover true for all values of n because the fractions Ft, 
F, . . .of eqn. corresponding to {2za-d) are always those given by eqn. 
(21) or (22)) on setting p = 0*5, 

7, Evaluation of the Equation kuni = — ^The previous section 

indicates that equilibrium distributions of quanta are often established 
very speedily. In this event a complete evaluation of eqn. {12) 

(Attni — is possible. Eqn. (19) and {20) give the ratios . 

and in s^.-^ gives the number of times per sec. that the initial dis¬ 
tributions of y quanta become the critical ones, y, o or o, j leading to reaction. 
If there is initially distribution equilibrium then 

. ;1 -/>)« +^-(i -/►)'—}] (24) 

* V'or 

where « is the number of vibrational collisions per second between the 
radicals R in the molecule R—R. Each term in the round bracket is 
the fraction of the energised molecules with the distribution y — m. m; 
while the term in the curly bracket g^es the probability per vibrational 
collision that the distribution y — m, m becomes the critical ones o 
or o, y. The summation outside the square bracket allows for the con¬ 
tributions from o/f non-critical distributions y — m, m. The function of p 
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is always symmetrical in p and (i — p) and may be written as /i (p^ f ^ p) 
for molecules having just j quanta, /, (/>, i for molecules with j + i 
quanta and so on. 

One may then write down the complete expression for kvm in eqn. (12) 




■ 7 r-MP‘^-P)\ 


2^ — 2~ 


+ ..11 


(j+j)i 

-f I — m)\in\ * 


w-j-i 

-ifij 

m-2L 


U + 2 )! 

+ 2 — m)!m! * 


*V0'+i)'o! Jill / -■ 

_I_ 

■ 21+. _ afJLLHlL + c?' + + (L±ilh 

Vt; + 2)lo! ^ y+i)!i! yial / 




^.}-I(*-r) 


(S - T)! 


• (25) 


where the a's are given by eqn. (19), and (20). It can be seen on com¬ 
paring eqn. (i) and (25) that the sum of the terms in the curly bracket 
multiplied by w is equal to in eqn. (i) which we set out to determine. 

immt 

/ £ \I 

It is also seen that Aimi in eqn. (25) contains the term j 

as in eqn. (i), but that the contribution of each group of molecules to 
depends strongly upon the energy associated with that group. 

When s=r; 0*5 the functions/(p, i — p) take very simple forms : 

A(A !-/>) = 2 ^^,^ 1 


U(P. !-/>) = 2 [i 


/•(/>. I - P) 


r u + 1)1 u 4- 1 )! -] I 
Ly -f i)I o! j\ ll J2^ 

" (j + , {j -f 2)\ {j 4- 2)! -| 1 

,{j -f 2 )!o! (y -f i)I i! ^ jl 2l J2^+’ 


and so on. A particular f(p, i — p) is therefore the same for all values of 
m and may accordingly be brought outside the summation sign of eqn. (25). 

In this event since the terms > —, .-are all unity 

j\ o! 

(eqn. 22), eqn. (25) takes the simple form ; 




U + 2)1 


(3 + 2)1 (j + 2 )h I 

y + 1)11! jl 2 I j2*+‘ 


„y —i— y e -*/**' 


• (27) 
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so that 


k, = «|(X,2 . ^ jj, + yj j, j^,+i 

+ + 2)1 01 + 0 + I)! i! + j« 2! J2^+‘ + / ^ ' 


8, Numerical Evaluation of ifea*—By writing eqn. (25) as 


r I 


1)1 


0—J/BJ* (29) 


it is seen that 

~ 


,0’ - ^)1 >«1 ■ 
m—l 2' 


2^ 
yi o! 


■ /i{/>. I - />) 


1 

= «i2! 


(; + 1)1 


m-l 


(j -f I — w)! m\ ‘ 


VC;-fi)lo!^ (j!i)!; 


•/•(A I - ^>) 


? (30) 


etc. 


Assuming that cd = io‘* sec.~*, and were determined for all values 
of p in the range 0‘i to 0*9 when j = 6 and again when j == 14 (Table I). 


TABLE I 


Aj and A, from eqn. (25) in sec.-^ 


p 

0.2 

B 

Mj 

D 

m 

m 

D 

08 

0-9 

(i) j « 6, 

ta sz lo'* sec.’ 

-1 







hi X io““ 

1-50 

2*67 

2-85 

3-06 

1 3*14 

3 06 

285 

2*67 

1*50 

Ai X lo-** 

5-85 

8-94 

11*0 

12*1 

125 

12*1 

II'O 

8-94 

5*84 

(ii) j = 14 


lo^* sec.~^. 







hi X lo-* 

0*93 

119 

1*21 

1-22 

1-22 

1-22 

i I‘ 2 I 

II 9 

0*93 

XIO~» 

7*45 

8-99 

948 

972 

977 

972 

9-48 

8*99 

7*45 


The values of hi and are clearly not very dependent upon p in the range 
noted, and what dependence there is tends to diminish as j increases. 
But iiwpectioa of eqn. (i) and eqn. (29) shows that = ZajAi and so it 
is unlikely that depends significantly upon /> if o* i < /> < 0*9, Thus 
in this range may be calculated from the simpler eqn. {28) obtained 
from eqn. (25) by setting p « o‘5. 

Parameters determining include j, s and (eqn. (25) and (28)). 

First the dependence on j was studied, by calculating the first lo tfesms 

NAt»h 

of eqn. {28) taking s = 6 and “]gjr~ =* i. The results are shown in Fig. 2 

for j s* 10, 15, 20, 25 and 50. Contributions to of the sums of i, 2, 3, 
... 10 terms are plotted against tbie num^jer of terms summed. The 
curves fiatten ofi, very rapidly for sipaller values of j\ bA the number of 
terms summed increase. E^rapola^on of the curves lead to values of 
K when an infinite number of terms is summed (Table II). For an energy 
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quantum of 2000 csd., the total energy of activation porresponding to the 
^curves of Fig. 2 and to the ^«'s of Table II ranges from 20,000 to 100,000 
cal., and the Arrhenius energy of activation from 10,000 to 90,000 cal. 



Fig. 2.—Sums of contributions of successive terms in eqn. (28) to for different 
values of y, when » i ; co = lo^* sec.-'; / = 6. 

per mol. {s = 6, =1). For a reasonable value of the unit quantum 

and the values of j in Fig. 2 and Table II the main experimental range 

of the energy of activation is 
covered, and determined from 
the present reaction mechanism 
has the right order of magnitude 
as illustrated by the experimental 
data given in Table III, although 
comparison should not be stressed. 

While the proportion of the 
molecules having just the thres¬ 
hold energy of j quanta is larger 
than the proportion with y + i 
quanta and so on, the number of 
distributions leading to reaction 
becomes steadily larger. There¬ 
fore the contribution of each term in eqn. (25) or (28) to A* does not 
necessarily decrease as the number of quanta increases, and there is in 
fact a maximum contribution to from a term of intermediate 
number (Table IV). More terms had to be counted before the term of 
maximum contribution was included the larger y and s and the smaller 


TABLE II. —Values of in sec,“^ 
Calculated by Extrapolation of 
Curves in Fig 2. 


Value oij. 

*.• 

10 

^^ 5*3 X 10“ 

15 

^ 4*5 X 10'® 

20 

^4'0 X lo* 

25 

^ 3*5 X 10 * 

50 

/^I‘OX 10 * 
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NJiw 
RT ’ 


One is led to conclude that by far the largest contribution to the 


reaction is made by the relatively small proportion of activated molecules 
having energies of activation considerably in excess of the minimum energy 
of activation. 


TABLE III. —Experimental Values of A. for several Reactions 


Reaction. 

Temperature 

Range 

(cal./mol.). 

Experimental Value 
for ( 8 ec.~>). 

Decomposition of (C,H,),0 

700-860 

26,700 

6*9 X io» (s = 4) 

Decomposition of (CH,),0 

700-825 

29»450 

1*7 X IO» (S == 5) 

Decomposition of . 

273-340 

12,380 

1*8 X lo* (s = 15) 


The value of s also influences through its effect upon a,, . . as 
shown in eqn. (19). Accordingly the sum of the first 10 terms in eqn. (28) 
was found when s s= 4, 5, 6, 7, 8, 9 and io» with j = 20, at = lo^* and 

Nfjhuii _ 

= I 3)- It is seen that increases as s increases. 


TABLE IV.—Contributions of Successive Terms in 
E gN. (28) TO A- WHEN ia ~ 10” sec.-^ i = 20, s = 6 

and = I. 

RT 


No. of Terra, 

Coutributiou to (sec.-*). 

Sum of Coutributioos (sec.-*). 

1 

1-27x10’ 

1-27 X10’ 

2 

6-68 X 10’ 

7-95 X 10’ 

3 

I-8i X 10® 

2-07 X 10® 

4 

3*36 X 10® 

5*43X10® 

5 

4*86 X 10® 

1*03 X io» 

6 

5-96x10® 

1-63 X lo® 

7 

5-82 X lo® 

2-21XlO® 

8 

5*59 X lo® 

2-77x10® 

9 

4-58 X 10® 

3-23x10® 

10 

3-50 X 10® 

3*5S X lo® 


TABLE V.—Limiting Value of A, for 
Different Values of WHBN a. 

=» IO« SEC.-^ j =a 20, S =« 6. 


SJkmi 

UT * 

sec.-*. 

0-50 

*^1-6 X Io^» 

0-75 

'^2*2 X 10^® 

1-00 

^^4-0 X lO® 

1-25 

^1-12X10® 

1*50 

^4-0X10® 


the li m iting value for A« was obtained (Table V) 
*5 


Finally the effect of 

NJtuii 

on was determined 

for the values 0*5, 0*75, 1*0, 
1-25 and 1-50. The con¬ 
tributions to A« of the sum 
oi I, 2, 3, . . , 10 terms in 
eqn. (28) were plotted against 
the number of terms sumiSied 
for the different values of 

cited, when j « ao, 

5 =sa 6 and w = lo'*. By 
extrapolation of these graphs 
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Curve A: - 0-50 


Curve B : ~ 075 

Curve C: ~ i.oo 

Curve D : =* 1*25 

Curve E : = i’50. 


9. Discussion. 

The foregoing investigation of the Polanp-Hinshelwood hypothesis 
has been based upon a very simple reaction model (section (3)). The 
model assumes one characteristic mean frequency wj in place of the ap¬ 
propriate group of frequencies ; and a single mean probability p of transfer, 
during the period of a vibrational collision between radicals, in place of a 
possible group of such probabilities. It thus involves idealisation, partly 
analogous to that in the Einstein theory of heat capacity of solids, and 
which may be defensible as a means of simplifying the calculation without 
altering the principle of the method. The energy of activation may need, 
moreover, to be concentrated not in a radical but in a bond, so ttot the 
critical energy distribution is more restrictive than for the model which 
has been discussed. The more restrictive the distribution the smaller 
its statistical weight in the distribution equilibrium so that other things 
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being eqi^ K would be reduced. Calculations of km as given in section 
(8) may then afford an upper limit to its value for more restrictive reaction 
conditions. 

The Kassel hypothesis (eqn. (15)) may readily be compared with the 
Polanyi>Hinshelw(^ hypothesis (eqn. (12)), For the present reaction 
model, eqn. (15) becomes 






xl 


I 

(S ~ 1)1 



q-EIRT 


(31) 


where the a*s are given by eqn. (19). This result may be compared with 
eqn. (25) and (27). The summation in the curly bracket of eqn. (31) 
is now to be identified with A* of eqn. (i). For the Kassel hypothesis to 
be valid < ^A^; *A, < *A*; ... (section (2)) ; and since A* cannot 
be more than, and may approximate to. a vibration frequency 
(/^lo** sec.“^), *A,, *A,, . . . must be much less than this. Small values of 
At arise when the transmission coefficient, A, of the reacting system over 
the energy barrier separating initial and final states is small.’ If 
A 1, ^At, ‘At, . . . should themselves approximate to a vibration fre¬ 
quency {/-w lo** sec.-’), but in this case the Kassel hypothesis (A, •< A*) 
cannot apply. 

Eqn. (15) can also be written down in a form similar to eqn. (31) when 
the critical distribution for reaction is that out of a total of n quanta, j 
at least must be concentrated in a particular degree of freedom. At 
equilibrium and when there are s degrees of freedom the statistical weight 
of such a distribution is known to be 


^ (n -4- s - I)! n\ 
**’ ' (n -»! (w -f s ~ i)! 


(32) 


Therefore, considering separately groups of molecules where n = j,n ^ 
and so on, molecules of the first group may react only when all the f quanta 
are in a particular bond, those in the second group only when either j or 
y -f- I quanta are in that bond, and so on. Accordingly 


A uni 


(; 4- s - i)l 

(s -f- i)!(y + 2)1 


- t *»“>(;• + s - 1)1 o! + + s)l + 


2i(; + 5 + 1)! ii(j + s + I)! 


(s - 1)1 (J + I)! -| 

o!(; + s)! J 
(s — i)!(y + 2)1 -1 

o!(y + s + i)! J 


+ 


2i^( 




\ «-i 

j e-£/RT 


(33) 


Although it is difficult to evaluate the transmission coefficients A and 
so to ciculate km for the Kassel h5rpothesis, there may not be much differ¬ 
ence between rate constants on the two hypotheses when the contribution 
to reaction of each group of molecules is considered separately. 


Summary. 

(i) The Polauyi-Hinshelwood hypothesis for ** unimoleGular ** reactiems^has 
been reformulated considering separately the contribution to reaction of the 
group of molecules containing just the critical number f of quanta necessary 
for reaction, the group containing justy -f i quanta, so on. The assomp* 
tion that the rate A« at which energi^ moleqnles become activated is independent 
of total energy of activation is avoided, and difficulties to which this in* 
trinsically unlikely assumption have previously been shown to lead, no longer 
arisui , 



412 VAPOUR PRESSURE MEASUREMENTS 

(2) Investigation of the velocity with which energy quanta redistribute 
themselves between the radicals of a two-radical molecule by intra-molecular 
vibrational collision shows that for a range of conditions this redistribution may 
occur within the period of a few vibrations, and that equilibrium may be estab¬ 
lished well within the interval between successive inter-molecular collisions. 

(3) When distribution equilibrium is maintained the rate at which each group 
of energised molecules becomes activated was calculated using the Polanyi- 
Hinshelwood hypothesis and a simple molecular reaction model, and values 
for Aa thus obtained. For this model the contribution to from each group 
of molecules was found to depend very much upon the energy of the group, 
and also the larger part of the reaction rate was due to the comparatively few 
molecules possessing energy considerably in efcess of the minimum energy of 
activation. 

The Chemical Laboratories, 

Bedford College (University of London), 

Regents Park, London. 


STUDIES IN VAPOUR PRESSURE MEASURE- 
MENT. PART IV.—THE TOTAL VAPOUR 
PRESSURE OF MIXTURES OF SULPHUR TRI¬ 
OXIDE AND CHLORSULPHONIC ACID. 

By E. W. Balson and N. K. Adam. 

Received yrd April, 1947. 

The vapour pressure of mixtures of SO, and chlorsulphonic acid has 
been measured from about 0° to 40*^ c. using a Bourdon gauge balanced 
by measured pressures of air. The vapour pressure increases about three¬ 
fold as the mole fraction of SO, increases from 0*55 to 0-7, less rapidly at 
other concentrations. Results were erratic above 0*7 mole fraction, 
where the vapour pressure was not much less than that of pure SO,. 

ExperimentaL 

Fig. I shows the apparatus. The gauge E is, during the actual measurements, 
in contact with the de-gassed mixture in C, which has been sealed off at M. 
The capillary tubes (in heavy lines on the diagram) have been sealed off. The 
vapour pressure is balanced by dry air whose pressure is measured in the mercury 
manometer J. 

The experimental difficulties and complication of the apparatus arise from 
the necessity of making up the mixtures out of contact with air, degassing them 
and protecting the delicate Bourdon gauge from sudden pressure differences 
during these operations. 

Filling and de-gassing. —Chlorsulphonic acid was first distilled from A (fitted 
by a standard ground joint), into B, under vacuum (io~* mm. or less, provided 
by a two-stage mercury diffusion pump backed by a glass filter pump). The 
receiver B and two traps G and H were cooled with liquid oxygen, to protect 
the greased taps and mercury from the highly corrosive vapours. After dis¬ 
tillation of sumcient chlorsulphonic acid, dry air was admitted through T„ 
and the flask A replaced by one containing pure SO,. The ground joint at A 
was lubricated by a little chlorsulphonic acid. A suitable quantity of SO, was 
then distilled under vacuum into B, the tube leading to A sealed off, and the 
entire contents of B di^illed into C. B was sealed off at M and removed. 

hTwo troublesome difficulties occurred in the next stages, with all mbetares 
except those poor in SO,; after condensation in B at the temperature of liquid 
oxygen, the SO, solidifies in a form which requires a temperature of about 73^ c. 
to melt or dissolve in chlorsulphonic acid. This raises the vapour pressure 
often to much above one atmosphere, so that the re-solution must be done in 
a sealed vessel out of contact with the gauge. The tube from C therefore ended, 
at first, in a closed bulb inside D; this bulb could be broken when required by 
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a weight of soft iron enclosed in thick glass, controlled by an electroma^et. 
in D. After re-solution was complete, the liquid mixture m C w^ cooled to 
about 10® c. Even at this temperature the vapour pressure was high enough 
to fracture the gauges when the bulb was broken 

mitted to the gauge ; after many accidents the small bulb K was fitted , ^ 

SO, was allowed to distil into K, the capillary tube P being : 

K was allowed to warm up until its vapour pressure nearly equaUed ^t 01 
the mixture, and the gauge balanced with air from the manometer J. ue- 
massing was then completed by allowing the contents of C to wann up to about 
^0° c. under vacuum ; C was again cooled with liquid oxygen, ai^ the v^uum 
train sealed ofi at Q and S. The mixture in C was again liquefied, cooled to 
about 10°, the bulb in D broken, and K sealed off at R. 



Measurement of Vapour Pressure.—The thermostat was placed round the 
apparatus, and readings taken both with rising and wdth falling temperatures, 
the pressure of air in J being adjusted so as to balance the vapour pressure 
approximately, the small difference between the air pressure (measured with a 
cathetometer) and the vapour pressure being read off from the movement of 
the gauge pointer observed with a low power microscope with eyepiece scale. 
Gauges of sensitivity varying from 0*2 to 1’6 mm. Hg per eyepiece division were 
used, the more robust gauges for the mixtures of high SO, content. Readings 
could be taken to about 0*2 of one eyepiece division. For each mixture at least 
ten readings were taken at various temperatures and all points fitted very closely 
to a linear plot of logio/> against i /T. 

Analysis. —Before opening, the two sides of the gauge were brought to equal 
pressure by breaking the thin-walled tube F, by turning the stopper T., Dry 
air was admitted through T,. The mixture was sealed off in C at w, and C was 
weighed. C was opened at two points convenient for emptying and placed 
quickly in a stoppered bottle containing a little water. The stopped being 
nrmly tied in place, the bottle was shaken cautionsly so as to introduce a drop 
or two of water at a time into the mixture. The reaction was veiy violent at 
first but towards the end water could be added in larger amounts. The solution 
was made up to a definite volume and ^rtions taken for titration. Total acidity 
was determined with standard NaOH, u^i^ bromth3nnol blue as indicator, 
and chloride usually by electrometric titration with AgNO,; occasionally the 
chloride and sulphate were determined gravime^cally as a check. To obtain 
the total weight of the mixture, Cand the pieces of glass cut from it were collected, 
dried and mi^ed. 
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The above axlalyi^s gives the ratio between total SO^* including the part coin* 
bined as acid chlorides, and chloride. Assuming that aU the chloride arises 
from a single compound of formula ClSO,H, the amounts of SOg and CISO^H 
can be calculated. The sum of the SO^ and ClSOtH so calculated proved often 
to be slightly (about o*6 %) greater than the weight of mixture taken. Analysis 
of the chlorsulphonic acid used, by the above method, gave about o«2 mole 
fraction (14*5 % by weight) of SO,. The chlorsulphonic acid was B.D.H. 

redistilled,*' and was given one or two further distillations at 100 mm. before 
use. Attempts were made to reduce the apparent SO, content by distillation 
under high vacuum, but though small variations were obtained there was always 
a considerable quantity of SO, present when calculated as above from the to^ 
acidity and the chloride content. The most probable explanation of these figures 
is that the chlorsulphonic acid " contained some sulphuryl chloride and pyro* 
sulphuryl chloride or oleum. Visual evidence was sometimes obtained of the 
presence of a substance which reacts only slowly with water, during the decom¬ 
position of the mixtures with low SO, content; oily drops appeared after water 
had been added, which disappeared quite slowly, vanishing completely only 
after some hours. Sulphuryl chloride reacts slowly with water in a very similar 
manner. 


Results. 

Table I gives the composition, calculated as above, of the mixtures used, their 
vapour pressure at 15® c., and the constants of the equation log^,^ = yf ~ B/T. 
The vapour pressures at 15® c. are plotted in Fig. 2. 

TABLE I 


Apparent Mole Fractions. 

Vapour Pressure. 

A, 

B. 

SO,. 

-i 

C 1 S 0 ,H. 

mm. Hg at 15® C. 

i 

1*000 (liquid) 

0 

130 

10*175 

2320 

I'ooo (solid, 
Smits’ a form) 

0 

120 

13*015 

3150 

0-955 

0*045 

109 

10*115 

2333 

o*86o 

0*140 

122 

10*46 

2417 

0'854 

0*146 

117*5 

10*34 

2383 

0*839 

o*i6i 

126 

10*17 

2325 

0*818 

0*182 

119 

10*26 

2360 

0-775 

0*225 

96*7 

10*51 

2457 

0*667 


77*0 

9.87 

2300 

0*644 

0*356 

79-5 

10*14 

2377 

0*625 

0*375 

46-8 

10*04 

2413 

0-572 

0*428 

30*3 

9*87 

2420 

0*550 

0*450 

26*5 

ZO* 2 I 

2533 

0-397 

0*603 

10*5 

10*05 

2620 

0*367 

0*633 

12*8 

10*16 

2620 

0*219 

0*781 

4*1 

9-19 

2470 


In reading the curve and the table it must be remembered that the absolute 
quantity of free SO, is, particularly at the lower mole fractions, probably a good 
deal less than the amount shown as SO,.*’ Nevertheless some features are of 
aufilcient interest to place on record. Between apparent mole Bnctions of 
0*55 and 070 SO, (45*6 to 61*5 %), the vapour pressure, which is almost entirely 
due to the SO„ increases from about 30 to about zoo mm. At higher concentra¬ 
tions rate of increase is much less; and perhap b^use the solution has 
bc^e^ nearly saturated with one or another of the various modifications of sulphur 
trioxrde, which have different vapour pressures, the results were rather erratic. 
Pure liquid sulphur trioxide (supercooled) has a vapour pressure of about 133 mm. 
at 15® c. The values for B, which is the latent heat of evaporation per mole 
divided by 2*303 B, are probably not reliable to closer than ibout 4 %. There 
is an indication, however, that they are higher for the mixtures of low than for 
those of high SO, concentration. 
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The above figures for pure SOj are our own determinations; the error in the 
case of the liquid may have been about 3 mm.; since the value at 15 (co^der- 
ably supercooled) was obtained by extrapolation from measurem^te on Uqm^ 
at or above 25®. A curious phenomenon was noticed ; the plots of ^ p againn 
i/r were straight for both the solid and the liquid forms and intersec^ at 18 i i . 
The solid appeared, however, to have a melting point close to 3* c., the liquid 
being fairly easily supercooled by some 10*. Most authors give the m,p. of 



the aipha-iorm of solid SOt about 17®; but on one occasion ^ Smits records a 
m.p, of 32® for a specimen which solidified from the liquid form^ on melt^ 
the beta-iormt whose m.p, is not far short of 80® and appears to be identical with 
the form we obtained by condensation at liquid oxygen temperatures. The reason 
why the break in our vapour pressure curves occurs at 18®, wMe the visible m.p. 
is at 32®, requires further investigation. There was no obvious bres^ at 3a®; 
it is possible, but scarcely probable a priori, that two solid forms exist, with a 
large heat of transformation at 18®, the form stable between 18® and 32® halving 
a very small latent heat of fusion. 

This paper is published by permission of the Chief Scientist, Miiiistry 
of Supply, and describes work carried out in 1942 and 1943. 

Unmrsity CoUego, 

Southampton, 


»/. Chm, Socu X924, 2558, 


THE MECHANISM OF SPARK IGNITION. 
PART II.—CARBON MONOXIDE-OXYGEN 
MIXTURES. 

By W. E. Frost and J. W. Linnett. 

Received 21st April, 1947. 

In Part I, Linnett, Mrs. Raynor and Frost ^ described some experi¬ 
ments on the spark ignition of mixtures of hydrogen and oxygen, and of 
mixtures of hydrogen and oxygen to which had been added the inert 
gases Ns, A and CO|. They found that small amounts of the inert gases 
caused a lowering of the minimum ignition pressure of electrolytic gas. 
In the theoretical treatment of their results they assumed, as Mole had 
done, that the condition for ignition was that the concentration of chain- 
propagating radicals should increase in an uncontrolled manner in the 
region round the spark.* The authors concluded from their results th^t 
small amounts of the inert gases aided ignition by slowing up the diffusion 
of the chain radicals from the region of the spark (see also Thompson *). 
A quantitative explanation of the results was given based on this 
h)qx)thesis. When larger amounts of inert gas were present it was found 
that the minimum ignition pressure of electrolytic gas was raised, and it 
was concluded from the relative effects of the different inert gases that 
this was due to the cooling effect exerted by the added gas. 

In the present paper an analogous series of experiments on the ignition 
of carbon monoxide-oxygen mixtures will be described. It will be shown 
that the results can be explained, in the main, by a hypothesis similar to 
that advanced to explain the results in Part I. 

Coward, Cooper and Jacobs * investigated the effect of inert gases on 
the minimum ignition pressure of CO—Og mixtures, using mixtures satur¬ 
ated with water vapour. They found a lowering of the same type as that 
for electrolytic gas. In addition they observed that CO—O, mixtures 
required a much stronger spark to ignite them than did H,—O, mixtures. 


Experimental. 

The explosions were carried out in a Pyrex tube, 2*0 cm. diam. and 25 cm. 
long. The spark gap was placed on the axis of the tube about x cm. from the 
top of the tube. The spark was passed between two tungsten wires, 0*37 mm. 
diam., sealed through the walls of the tube. The points were 1*4 mm. apart. 

In Part I an induction coil was used to produce the spark but, in the present 
series, a different spark was used. The circuit is s^wn in Fig. i. l^e 220 
A.C. mains were connected across the primary of a transformer which had a 
step-up ratio of 20. When i^itinE the mixtures used in this scries of experi¬ 
ments the galvanometer registered about i ma. This was a larger current 
than was required for the ignition of H,—Og mixtures (see Part III) which con¬ 
firms the ob^rvation of Coward, Cooper and Jacobs. When testing a given 
mixture to see whether it could be ignited or not, the key in the primary circuit 
was closed for about i sec. 

^ Linnett, Mrs. Raynor and Frost, Trans. Faraday Soc., 1945, 4I1 4S7. 

*Mole, Free. Physic. Soc., 1936, 48, 857. 

'Thompson, Trans. Faraday Soc., 1932, 299. 

' Coward, Cooper and Jacobs, J. Chm. Soc., 1914, 1069. 
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The oxygen and nitrogen used were obtained from cylinders and, before 
being admitted to the apparatus, were dried with CaClf ana PfO^. The carbon 
monoxide was prepared by allowing 98 % formic acid to drop on to cone. HJSO4 
at 100® c. The gas produced was passed through soda-lime and then dried with 
CaCl« and PfO,. The water used was distilled into a small storage tube con¬ 
nected to the apparatus and any dissolved gases removed by pumping after 




Spor/^ 

Gap. 


alternate freezing and melting. Each mixture of gases which was to be tested 
for ignitabilit>' was made up in the explosion tube and was mixed thoroughly 
by withdrawing a number of times into a mercury-filled reservoir and Sien 
returning to the explosion tube. The pressures of the gases were measured on 
a capillary mercury manometer. The procedure for determining the limiting 
pressure separating ignitable from non-ignitable mixtures was the same as in 
Part I. 


Results. 

The results may be divided into three parts. 

(i) The effect on the minimum ignition pressure of varying the CO/O, ratio 
in the presence of water vapour. In Table I are given the pressures of CO and 
0 | at the limit between ignition and non-ignition. The pressure of water vapour 
was kept at 5 mm. throughout. The results are shown graphically in Fig. 2. 




Theoretical: - 
Experimental: - 
Fig. 2. 


Theoretical: - 
Experimental: - 
Fig, 3. ‘ 


(ii) The effect of the amount of i^ded water on the limiting ignition pressure 
of a 2CO/Og mixture. Table II gives the minimum ignition pressure of this 
mixture for various pressures of added water vapour. The results are plotted 
graphically in Fig. 3. 

(hi) The effect of added on the limiting ignition'pressure of a aCO/Oj 
mixture, the water vapour pressure ^ing kept constant at 5 mm. Table 111 
gives the minimum ignitkm pressure of'such a CO/Ot mixture for various pressures 
of added N^. The results are shown graphically in Fig. 4. 
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TABLE I. —Limiting Ignition Pressures of Carbon Monoxide-Oxygen 
Mixtures when is 5 mm. 


P„0 (“»“•) • 

— 

101*3 

104 

104*3 



146 

Pot 

— 

3567 

274 

194*2 



102 

Poo ) • 

172 

186 

2057 

2 i 8-3 



3747 

Po, (“”»•) 

86 

84 

83-3 

68*2 


B 

36*3 


TABLE II. —The Effect of the Pressure of Water Vapour on 
THE Limiting Ignition Pressure of a 2 CO/O, Mixture, pm - 


P«tO (““•) • 

I 

2 

3 

5 

7 

9 

pa (mm.) . 

416 

355 

281 

258 

232 i 

2 I 7 i 


TABLE III. —The Effect of Added Nitrogen, on the 
Limiting Ignition Pressure of a 2CO/Og Mixture, 


p « (nun.) 

0 

32 

62^ 

I 39 i 

180 


270 

302J 

Pa (mm.) 

258 

248 

238 

2 II 

197 

186J 

186 

i 85 i 


Discussion. 

In the following treatment the effect of changing gas composition on 
the electrical conditions in, and intensity of, the spark has been neglected. 

It is obvious that this is an over¬ 
simplification of the position. 
And yet it will be seen that a 
satisfactory account can be given 
of many features of the limiting 
spark ignition pressures of these 
mixtures by considering only the 
kinetic theory and chemical 
character of the gas mixtures 
used. It is thought, therefore, 
that these effects are more im¬ 
portant and that the changing 
electrical properties of the spark 
may be neglected in such a pre¬ 
liminary treatment as the following. 

One of the most important of 
the present observations is that 
the limiting ignition pressure is 
very dependent on the amount of 
water vapour present, and that it 
rises very rapidly as the amount 
of water is reduced below 2 mm. 
If we suppose that ignition results 
when the numbers of atoms aind 



Experimental: - 

Theoretical:- 

Fig. 4. 


radicals incr^kse without limit in the region of the spark gap (cf. Mole, 
and Part I) this must mean that the water is intimately connected 
with the chain-branching process. This is quite different from what 
has been observed for the reaction at ca, 600® c. in a heated vessel.® Under 


* Hinshelwood, Kinetics of Chemical Change (O.U.P., 1940). 
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those conditions the explosion limits are only slightly affected by the 
amount of water present but the reaction outside the limits is very much 
accelerated by water vapour.* In these circumstances, therefore, the 
water takes part in the chain-propagating reaction but not in the chain- 
branching reaction. It is not really very surprising that there should 
be this fundamental difference in the spark ignition of CO—Oj—H ,0 
mixtures because it is certain tha;t the conditions in the spark gap are 
very much more violent than those represented by a temperature of 600° c. 
It has already been mentioned that a relatively violent spark has to be 
used to ignite these mixtures. 

To incorporate water into the chain-branching cycle, it is suggested 
that the most important reactions associated with the branching that 
occurs in the region round the spark gap are the following : 

(1) H -f. O, = OH -f O ; 

(2) O + H^O = 2OH ; 

(3) OH 4 - CO = COa -I- H. 

It is not supposed that other reactions do not occur but it is supposed that 
others are less important than the above three. These reactions have been 
selected as the most likely bimolecular reactions involving radical-molecule 
collisions. Termolecular collisions are much less frequent than bimolecular 
ones and for this reason all termolecular processes have been ignored as 
being probably less important than any of the present set of bimolecular 
processes. It seems to us that the active particles that are likely to be 
present are H, O and OH, remembering that O*, CO and H^O are the 
three molecules initially present. Hydrogen atoms are more likely to 
react according to (i) than in any other way. Oxygen atoms would react 
with CO molecules but a third body would be required which would rdake 
the process termolecular. This probably makes it less likely than their 
reaction with a water molecule, except when the latter are present in only 
very small amounts. Reaction (3) is certainly the likely reaction for 
hydroxyl radicals and has been postulated elsewhere.’ 

In addition, we shall suppose that hydrogen atoms are lost from the 
region of the spark by diffusion at a rate given by Z)h[H], and hydroxyl 
radicals and oxygen atoms at rates given by Doh[OH] and I>o[0] respec¬ 
tively. It may then be shown that the condition for the unlimited increase 
of radicals in the region of the spark is, the k*s being the velocity constants 
of the three reactions: 

^OH I , ^OH^H _ 2^2[H gO] 

^a[CO] ;^,^,[OJ[CO] ^.[H^O] -f ‘ ^ ^ 

The square brackets are used to' represent “ the concentration of.” The 
condition for the limiting ignition pressure is that the above is equal zero. 

In what follows we will make the assumption that O, and CO mole¬ 
cules interfere with the diffusioivof active particles to an equal extent. 
This is not likely to be far from the truth because the two molecules do 
not differ greatly in either size or mass. Since the pressure of water vapour 
is always small compared with that of the other components its effect on 
diffusion will be supposed to be negligible. We may therefore in consider¬ 
ing CO—O,—^HjO mixtures, substitute for the expression Kj^lpu 
where Pt is the sum of the pressures of CO and O,. Similar substitutions 
may be made for and Dq. is the diffusion constant for hydrogen 
atoms, and iifoH the constants for hydroxyl radicals artd oxygen 

atoms. The equation for the limiting ignition pressures is then the 
following, if we use pQ^ and /»(,o a measure of the concentrations of 
the two gases : 

, A'oh _ _2_ . 

^lPo^% ^ZpQoPt ^X^tPotPooPi* ' . * + ^ol^ipMpi 

• Hadman, Thompson and Hinshelwood, Proc, Roy, Soc. A, 1932, 138, 297. 

* Hadman, Thompson and Hinshelwood, ihid,^ 1932, 137, 87. 
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When numerical constants are introduced to obtain the best approximation 
for the effect of water on the minimum ignition pressure and also the effect 
of varying the CO/ 0 , ratio, the following expression results ; 

414 7 , 4. ^744530 __2_ , . 

Pod>t PooPi PoJ>ooPt* I + 936oIPu^ .p; ’ • 

That is, ^ = 2095 ; ^ = 4174 ; ^ = 9360. 

Hg fii n I 

The plot of the minimum ignition pressure against the pressure of 
water vapour calculated from the above expression (3) is drawn in Fig. 3, 
It will be seen that it lies quite close to the experimental results over the 
whole range. The expression (3) certainly gives a satisfactory account 
of the effect of water on the minimum ignition pressure. This supports 
the inclusion of reaction (2) as an important process occurring in the region 
of the spark. 

In Fig. 2 there is drawn the line calculated from eqn. (3) showing the 
effect of varying the CO/ 0 , ratio on the limiting ignition pressure when 
pBto 5 range between Pq^ = 40 and 140 mm. the cal¬ 

culated line follows the experimental points well. However, at high CO 
pressures and for 0» pressures greater than 140 mm. the experimental 
points lie at higher pressures than those calculated from expression (3). 
That this must happen in these regions is to be expected because when 
one adds more and more of either component a point will be reached when 
the excess of either will exert a sufl&cient cooling effect on the gases round 
the spark to hinder ignition. The same effect occurred with H,—Ot 
mixtures (see Part I). However, it must be admitted that the experi¬ 
mental line does depart rather suddenly from the theoretical one at about 
Pot =140 mm. It seems that there may be some specific effect of O, 
which makes itself felt when the proportion of O* becomes high. Never¬ 
theless over a very considerable range the theory gives a very good account 
of what is observed, and some departures from the theoretical behaviour 
in the direction observed would be expected at high pressures of both 
CO and Og, 

It is interesting to consider the ratios that it is necessary to assume 
for Kojilkt (2095), K^/ki (4174) and K^jk^ (9360). The diffusion constants 
Kqj^ and Ko are likely to be about the same, the former being, if anything, 
rather smaller. This means that k^> k^ This is not at all improbable 
because the reaction of OH with CO is probably quite an easy one. iiTg 
must be bigger than both Aqh smd Kq, This means that ki> k^ and 
probably that ki is slightly greater than k^. 

It remains to be seen how the theory can account for the effect of N, 
on the minimum ignition pressure. The obvious course is to suppose 
that Nt interferes with the diffusion of the radicals to the same extent as 
CO and O,. In that case one would put pt = Pqq 4- ^>0, + p^^. How¬ 
ever, it is found that this does not lead to any agreement with the observed 
results. It is found that agreement with the experimental results is ob¬ 
tained if one puts p^ == ^00 + Pot + o *54 Pvv The curve, obtained 
from expression (3) if this assumption is made, is compared with the 
experimental results in Fig. 4. It will be seen that the agreement is good 
for small additions of N,. When larger amounts of N, are added the 
experimental points lie above the theoretical line as would be predicted, 
since, w^hen larger amounts are present, the Nj exerts a suiBficiently large 
cooling effect to interfere with ignition in a way that is not allowed for 
in the present treatment. The assumption that N, is only about a half 
as efficient in preventing diffusion as are CO and O* is not a very satis¬ 
factory onet It would have been expected that it would have been about 
equally efficient. It may be that CO and O, are, in some way, relatively 
more efficient than N, because they are participants in the reaction. 
However, apart from the quantitative features, it is important to stress 
that the qualitative effect of added N, in lowering the luniting ignition 
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pressure shows clearly the close resemblance between the ignition of this 
mixture and that of electrolytic gas. This is strong evidence that the 
nitrogen acts in the same way on this ignition as on the ignition of electro¬ 
lytic gas ; namely, by slowing up the diffusion of the active radicals and 
atoms from the region of the spark. Therefore it seems very probable 
that the general picture of the ignition described here is the correct one. 

As regards the detailed picture, that is the sequence of three reactions 
used in the deduction of the formulae, it explains the basic features and, 
in peuticular, gives a good account of the effect of water vapour on the 
limiting ignition pressure. It seems probable that the three reactions 
assumed are the most important ones in the spark ignition but it is 
probable that there are others occurring in the spark, and it may be 
they account for some of the departures from the predicted quantitative 
behaviour. However, considering the complexity of the system and the 
way in which the intensity of the spark and spark temperature have been 
ignored it is thought that the suggested scheme explains the results observed 
in a very satisfactory manner. 


Summary. 

The spark of ignition of CO—O* mixtures has been studied. It is found 
that the minimum ignition pressure falls very rapidly with increasing water 
content and that the addition of N, also lowers the limiting ignition pressure. 
A set of reactions has been suggested which accounts for the main features of 
the observations. It is suggested that the lowering of the minimum ignition 
pressure by Nj occurs because the inert gas impedes the diffusion of chain 
radicals from the region of the spark. That is, it is suggested that the inert 
gas effect here is the same as it was for H|—O* mixtures and that the con- 
condition for ignition is, as for the H,—O, ignition, the uncontrolled increase of 
chain-propagating radicals in the region of the spark. 


Inorganic Chemistry Laboratory, 
Oxford, 


THE MECHANISM OF SPARK IGNITION. 

PART III.—EFFECT OF ADDING ORGANIC 
VAPOURS TO HYDROGEN-OXYGEN MIXTURES. 

♦ 

By W. E. Frost and J. W. Linnett. 

Received 21st April, 1947. 

In Part I ^ the effect of added inert gases on the spark ignition of 
electrolytic gas (2H, -f O*) was examined. The present paper describes 
the effect of small amounts of some organic substances (alcohols, ethyl 
halides, etc.) on the minimum ignition pressure of electrolytic gas. The 
results obtained are such as would be expected on the basis of the 
hypothesis suggested in Part I. The h3q>othesis was that ignition occurred 
when there was an unlimited increase in the number of active chain- 
propagating radicals in the region of the spark (cf. Mole),* and that added 
inert substances affected ignition by interfering with, or aiding, the 
increase of these active radicals, 

^ Lixmett, Mrs, Ra3mor and Frost, Trans, Faraday Soc., 1045. 41, 487. 

»Mole, Proc, Physical Soc„ 1936, 48, 857. 
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Experimental. 

The explosion tube and spark gap, etc., have been described in Part II. The 
spark was produced by the electrical circuit described in Part II • exc^t that 
a larger resistance (lo megohms) was placed in series with the spark gap. Electro¬ 
lytic gas mixtures do not require such intense sparks as CO—Og mixtures under 
similar conditions (cf. Coward, Cooper and Jacobs *). When the key in the 
primary circuit was closed the current registered by the ammeter was about 
0*2 ma. at pressures in the neighbourhood of the ignition limit. 

The oxygen and nitrogen used were 
obtained from cylinders and were dried 
with CaCl, and PfOg. The hydrogen 
was prepared by the action of HjSOg 
on Zn and was passed through tubes 
containing soda-lime, CaClg and P| 0 | 
before entering the apparatus. The 
organic liquids were all commercial 
substances. In all cases a portion was 
distilled into a small storage tube joined 
to the apparatus and then a part of 
this distilled away so that volatile 
impurities were eliminated. The mix¬ 
tures to be tested were made up and 
mixed in the manner described in 
Part I, and the procedure for determining the minimum, or limiting, ignition 
pressure was the same. The pressures were determined on a capillary mercury 
manometer. 





Theoretical]; — — — — Theoretical i — — — — 

Experimental: - Experimental: - 

Fig. 2. Fig, 3. 

The minimum ignition pressure of electrolytic gas under the conditions used 
here was 142J mm. A few preliminary experiments were carried out with N, 

• Frost and Linnett, Trans* Faraday Soc,, 1948, 44, 416. 

< Coward, Cooper and Jacobs, /. Chem. Soc., 1914, 1069. 
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added to the electrolytic gas and the results are listed in Table I. In Fig. i 
the minimum ignition pressure of electrolytic gas, is plotted against the 
pressure of added nitrogen, p^. It win be seen l^at there is an inflection in the 
curve at a Nj pressure of 115 mm. It seems probable that the condition of the 


TABLE I.— The Effect of Nitrogen (/>^) on the Minimum Ignition 
Pressure of Electrolytic Gas ( p ^. 


IHH 

n 


46 

79 

100 

II4 

120 

128^ 

WH 

mm 


lioj^ 

99 

97 

96 

100 

102 


Wl 

I 99 i 

241 

33 oi 

336 i 

373 

4024 

— 



105 

107 

109J 

109J 

115 

118 



spark must have changed as this pressure was passed, though there was no visible 
sign that this was so. However, in what follows (addition of organic vapours) 
we never encountered any other similar inflections. The reason for this may 
be that the pressure of added vapour never even approached 115 mm. We 

TABLE II.— ^The Effect of Organic Vapours (/>.) on the Minimum 
Ignition Pressure of Electrolytic Gas (/>.). 


Benzene 


p^ mm. 

1* 

1 3 

1 5 i 

1 7 i 

1 _ 

1 

p^ mm. 

141 

1 151 

1 1774 

1 203 

1 “■ 

1 ““ 

Methyl alcohol 
/>o mm. 1 2j 

1 5 

1 ^ 

1 16* 

1 22^ 

1 

p^ mm. 

1 125* i 

1 118 


1 1454 

1 168 

1 200J 

Ethyl alcohi 
Pa nim. 

?/ 

3 1 

1 ^ 1 

1 


1 ~ 


Pg mm. 1 

1 1394 1 

1 153 1 

1 177 i 

1 204 

1 — 


n-Propyl alcohol 

P » mm. 1 3 1 

5 i 1 

1 ^ 1 

“ 1 



p . mm. 1 

140 1 

1 154 1 

1 177 1 

— 1 

— 


Acetone 

Pa 

1 ** 1 

5 1 

1 7 1 


1 *5 1 


p , mm. 1 

1138 1 

143 1 

148 1 

I 1734 1 

196 1 

1 214 

Ethyl chloride 

Pa mm. 1 2i 1 

♦ 

5 1 

8* 1 

12 1 

19 1 


p , mm. 1 

126} 1 

131 1 

148 1 

167 1 

208 1 

— 

Ethyl bromide 

Pa mm. 1 4 ( 

64 1 

® 1 

“* 1 



p^ mm. 1 

144 1 

1614 1 

1894 1 

225 1 


— 

Ethyl iodide 
p^ mm. 

I 

2 

34 




p^ mm. 

149 

185 

210 


—— 

— ** 


would stress that the effect of adding small amounts of N| which is observed 
here, is the same as was observed when " an induction-coil spark was used 
(Part I)—^i.e. the minimum ignition pressure of electrolytic gas is lowered by 
small amounts of added nitrogen. 
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The organic substances used were benzene^ methyl alcohol ethyl alcohol 
ii»propyl alcohol acetone, and ethyl chloride, bromide and iodide. The results 
for these 8 substances are listed in Table II which gives the minimum ignition 

pressure of electrol3rtic gas, for each 
pressure of added vapour, p*, for which 
a determination was made. The results 
for acetone and benzene are shown 
graphically in Fig. 2, those for the 
alcohols in Fig. 3, and those for the 
ethyl halides in Fig. 4. 

Discussion. 

As in Part II, it will be assumed 
that the effect on ignition of the 
changing electrical properties of the 
spark with changing gas composi¬ 
tion can be neglected to a first 
approximation relative to effects of 
a kinetic theory and chemical 
character (cp. Part II). 

We shall presume as in Part I 
that the important processes occur¬ 
ring in the electrolytic gas in the 
region of the spark are : 

(1) H + O, = OH -f O ; 

(2) O + H, = OH + H ; 

(3) OH + H. = H ,0 + H. 

This succession of processes consti¬ 
tutes a branching chain and they 
have all been shown to be important 
by investigations of the isothermal 
reaction at 500*600® c.® As in Parts 
1 and II, it will be presumed that 
ignition results when there is an 
unlimited increase in active chain- 
propagating atoms and radicals in 

the region of the spark. Further assumptions are: [a) in addition to the 
increase in the concentration of radicals resulting from the above 
sequence of processes, there is a loss of radicals by diffusion from the 
small volume round the spark; (6) at the limiting pressure dividing the 
region of ignitable from the region of non-ignitable mixtures, the loss by 
diffusion just balances the increase by chain-branching, and (c) the loss of 
hydrogen atoms by diffusion is much greater than the loss of hydroxyl 
radicals or of oxygen atoms. This latter is not unreasonable because 
hydrogen atoms, being lighter than oxygen atoms or hydroxyl radicals, 
diffuse more quickly. Also oxygen atoms are not likely to have a long 
life because their rate of reaction with hydrogen molecules is likely to be 
high so that they will disappear by reaction (2), which is almost certainly 
fast, before they can diffuse out of the small spark region. The same 
is probably true for hydroxyl radicals under the violent conditions of the 
spark. Also reaction (i) probably does not occur at such a high proportion 
of the collisions as (2) or (3) because it is a reaction which involves the 
production of three free valencies from one free valency (i.e. it is the real 
chain-branching reaction) and it will therefore be endothermic.^ If 
hydrogen atoms are able to survive a considerable number of collisions 
with oxygen niolecules they may last long enough, on an average, to diffuse 

* Hinshelwood and Wilboume, Ptoc. Roy, Soc, A, 1946, 185, 353, 369, 376. 

*Hiashelwood and Williamson, The Reaction between Hydrogen and Oxygen 
(O.U.P., 1934 )* 
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from the small region in considerable numbers. For these reasons there¬ 
fore, we will neglect the loss by diffusion of oxygen atoms and hydroxyl 
radicals. The loss by diffusion of hydrogen atoms may be represented 
hy -DhCH], where is a constant for a given mixture and [H] is the con¬ 
centration of hydrogen atoms. It may then be shown that the minimum 
ignition pressure will be given by : 

2^i[OJ = Dh.(I) 

If we are concerned with a mixture of electrolytic gas at a pressure pg 
and an added inert gas at pa then (cf. Part I) : 




I 

K'Pa -f KgPa 


( 2 ) 


where K' is a constant for electrolytic gas and Kg is a constant for the 
added gas.’ These constants are the reciprocals of the diffusion co¬ 
efficients. This means that, for such mixtures, (i) may be transformed 
into 


K'p, + K^p, • ’ • • 

where A = 2/3 . ki. 

Pressures are here used as a measure of concentration. This is identical 
with eqn. (6) of Part I which was deduced in a rather different way and 
was found to be most successful. It must be admitted, however, that 
the present simplification gives eqn. (4) of Part I but without the first 
term. The first term was, in fact, found to be considerably less important 
than the second term on the left-hand side of eqn. (4) of Part I (see eqn. 
(5) of Part I). The present more detailed, though simplified, picture 
does not, therefore involve any radical change from the h5q)othesis pro¬ 
pounded in Part I, and it accounts equally well for the effect of added 
inert gases. 

When acetone, benzene, or one of the alcohols is added to the gaseous 
mixture, the added molecides will probably exert two effects when present 
in small amounts. In the first place, because the molecules are both heavy 
and large, they may interfere considerably with the diffusion of hydrogen 
atoms from the spark region. In the second place, they are all oxidisable 
substances and they may therefore react with oxygen atoms or with 
hydroxyl radicals. In this way small additions of these substances may 
act as negative catalysts because they act as chain-breakers competing 
with the hydrogen for the oxygen atoms and hydroxyl radicals. The 
first of these two effects aids, and the second hinders, ignition. From Fig. 

2 and 3 it will be seen that this dual effect is observed. For instance, on 
adding acetone vapour the first portions lower the minimum ignition pres¬ 
sure but larger quantities raise it. The same is true for benzene and the 
alcohols. 

' Let us see if we can represent this effect approximately in a quantitative 
form. Suppose the following reactions occur between the added organic 
substance, A, and oxygen atoms and hydroxyl radicals ; 

(4) O -f- A =5 products ; 

(5) OH A = products. 

It can be shown that, taking the same criterion for ignition, the equation « 
giving the minimum ignition pressure of electrolytic gas is : 

2>h(*.[HJ+*,[A]) = 2 A,[OJ 

(4) 

’ Melville and Ludlam, Prbc. Roy, Soc, if, 1931, 132, io8. 
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With hydrogen and oxygen in the proportions in electrolytic gas, and using 
pressure as a measure of concentration, this may be rearranged to 

P*_ I + Afr + Nr* . , 

P» I + 0»' - \Nr* - ^Nr* ’ ' ' 


where 


r = 'b M = ^ + 2i* 

p0 2ki 2k t 


4 k,k, 


0- 




and is the minimum ignition pressure when pa = o. The ratios h^/kt 
and kjk2 measure the ability of the added molecules to compete with 
hydrogen for hydroxyl radicals and oxygen atoms respectively. The 
ratio K^jK' measures the relative ability of the added substance and 
electrolytic gas to prevent diffusion of hydrogen atoms. In Fig. 2, a 
theoretical curve, calculated from (5) with M, N, and Q having the values 
30*74, 191*1 and 48*74 respectively, is drawn to compare with that for 
acetone. It will be seen that the theoretical line follows the experimental 
points fairly well though it is not a good fit at the minimum. Nevertheless 
the interpretation accounts quite well for the main features of our observa¬ 
tions for acetone. As regards the actual values of the constants, it should 
be stressed that one should not deduce too much from the exact magnitudes 
because the fit to the experimental data is not exact. One should rather 
focus attention on the order of magnitude. It is found that kjk^ 
and k^/ka are of the order of ten which means that the acetone molecules 
react considerably more readily than hydrogen molecules with hydroxyl 
radicals and oxygen atoms. This would be expected. The ratio K^jK' 
is ca, 50. This is probably rather too high because the theoretical line 
drops rather too sharply for small values of pa» However, this ratio would 
be expected to be large because the acetone molecule is a relatively large 
and heavy one compare with hydrogen or oxygen, and hydrogen atoms 
will therefore have a low diffusion coefficient (reciprocal of K^) through 
the acetone vapour. In Fig. 3 a theoretical line based on eqn. (5) is 
compared with the experimental line for methyl alcohol. In this case 
M, N and Q are taken to be 15-86, 61 *6 and 47*86. The fit to the experi¬ 
mental points is again quite satisfactory though the theoretical line falls 
too sharply for small values of pa and the value of 0 (i.e. K^jK') is probably 
too large. The fact that the line for ethyl alcohol rises more steeply 
than that for methyl alcohol means that either, or both, of the ratios 
kjk^ and k^Jk^ are larger. This means that ethyl alcohol competes better 
than methyl alcohol for oxygen atoms and hydroxyl radicals. Propyl 
alcohol appears to compete still better because the line rises still more 
steeply. The sequence would be anticipated. 

The results for the ethyl halides are much the same in general form 
to those for the alcohols, acetone and benzene and they probably likewise 
remove oxygen atoms and hydroxyl radicals. However, in these cases 
the following reactions of the ethyl halides with hydrogen atoms may be 
equally or more important: 


(6) H -f. EtX = Et + HX. 

In the following treatment we suppose that this reaction is much more 
important than (4) and (5). The equations become unduly complicated 
if all three chain-breaking processes are included and it is our object to 
show that the inclusion of reaction (6) is capable of accounting for the 
form of the results. If, then, reaction (6) is combined with (i), (2) and 
(3), the condition for the minimum ignition pressure is found to be 

2^,[0,] = 2)h + A.[A].(6) 

and this may be rearranged for mixtures involving electrolytic gas to 

1 + B, _ = p^tjpt .(7) 

where r jmd p^ have the same meaning as before and 

B n= K^jK' ~ 3^e/2^i and D = ^kJC^l2k^K\ 
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Fig. 4 shows theoretical lines for the three halides calculated from eqn, (7) 
with the following values of B and D : EtCl, io'5 and 176; ^ErBr, 3*53 
and 312 ; EtI, —23*14 and 832*6. The value of K^jK* has been taken 
to be the same for all the halides—^namely 19*5. . The value of Kt would 
change for the different halides but probably not largely because the 
three molecules are all heavy relative to the hydrogen atom and they 
do not differ greatly in size. Because they are heavy and large, 
is expected to be large. The values of h^jk^ are then 6*01, 10*66 and 
28*44 for the chloride, bromide and iodide respectively. This means that 
the iodide reacts more readily with hydrogen atoms than do the other 
two halides which would be expected because the C—I link is weaker 
than both the C—Br and C—Cl links. The mechanism therefore gives 
a satisfactory account of the effect of the ethyl halides on the minimum 
spark ignition pressure of electrol5rtic gas. The removal of hydrogen 
atoms may, in these cases, be more important than the removal of oxygen 
atoms or hydroxyl radicals. 

The general conclusion therefore, is that the results obtained for the 
effect of organic substances on the spark ignition of electrolytic gas fit 
into the general hypothesis that ignition results when there is an unlimited 
increase in the concentration of chain-propagating radicals in the region 
of the spark. The organic substances exert both (a) a pro-ignition effect 
which may be accounted for by supposing that, because of their weight 
and size, they interfere considerably with the diffusion of atoms 4 vom 
the spark region ; and (b) an anti-ignition effect which may be accounted 
for by supposing that they behave as negative catalysts and compete 
with the hydrogen and oxygen for the radicals which are responsible for 
the chain-branching. These two effects explain the change in the 
minimum ignition pressure of electrolytic gas as increasing quantities of 
organic vapours are added. 


Summary. 

The effect of organic vapours on the limiting spark ignition pressure of 
electrolytic gas has been studied. While small amounts usually lower the ig¬ 
nition pressure, larger amounts exert a strong anti-ignition effect. It is suggested 
that this results because the organic molecules react readily with the radicals 
responsible for chain branching. A quantitative treatment in terms of probable 
elementary processes has been suggested. 

Inorganic Chemistry Laboratory, 

Oxford, 


THE MEASUREMENT OF IONISATION IN A 
TRANSIENT FLAME. 

By E. R. Andrew, D. W. E. Axford and T. M. Sugden. 

Received 12th June, 1947. 

The work described below was undertaken on behalf of ,the Ministry 
of Supply during 1945, and has yielded results of some academic interest 
in so far as it represents the first comparison of the measurement of ionisa¬ 
tion in a flame by the d.c. conductivity method and by measuring the 
attenuation of centimetric waves. The system which was investigated 
was essentially the bright flash obtained by firing a modified Service rifle 
into air. This flash is well known to be th«i, concomitant of the combustion 
of the high proportion of H, and CO in the muzzle gases when mixed with 
air, and therefore it constitutes a flame which should be similar in its 
instantaneous properties to the more normally studied stationary flames. 
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IONISATION IN A TRANSIENT FLAME 

Experimental. 

A* The Flame System. —The flazne studied was obtained by firing into air a 
0*303 in. Service rifle (the barrel of which had been shortened by 5 J in. to improve 
flash production). Ordinaty 0*303 in. Service ammunition was used ; this pro¬ 
duces muzzle gases of the following approximate composition : CO, 45 % ; w*, 
^5 % • CO,, 10 % ; H, 0 , 15 % ; N„ 15 %. The values of the temperature and 
pressure of the gases at the instant when the shot left the muzzle were 2150® k. 
and 560 atm., as calculated from thermochemical data. 

These gases e^and adiabatically, thereby cooling, and at the same time 
mix with air. It is considered that during the expansion a region of spontaneous 
ignition is entered, leading to the inception of the flash. In our experiments. 



Fig. I.—Diagram of secondary flash. Fig. 2. 


the flash consisted of a yellow flame whose dimensions were obtained by taking 
photographs for a series of rounds using a still camera, and comparing them with 
a photograph of a linear scale. The general form is shown in Fig. i and the 
following mean dimensions were obtained. 

Mean distance from muz^e to commencement of flash at A — 26 cm. 

extremity „ „ „ D == 75 cm. 

„ maximum width of flash ~ 26 cm. 

„ distance from muzzle to maximum width of flash — 42 cm. 

There is a round-to-round variation in flash dimensions of the order of 10 %, 
with the exception that the point A remains sensibly fixed. 

B. The Meaeurement tk Electrical Gonducti^ty. —^The conductivity was 
measured between a pair of spherical electrodes of 0*7 cih. diam., whose centres 
were 3*5 cm. apart, and placed symmetrically on either side of the rifle axis 
at any desired distance from the muzzle. The electrodes were constructed 
by taking steel ball-bearings which were then electroplated first with Cu and 
then with Pt to resist corrosion by the gases.^ They were supported on stout 
rods of reinforced Bakelite to withstand blast, and connected by about 4 yd. 
of shielded cable to the cathode-follower circuit shown in Fig. 2. 

A potential difierence of 240 v. was applied to the electrodes, and one of a 
set of series resistances, so that the voltage on the grid of the cathode-follower 
was thus a function of the conductivity of the gap. The device was calibrated 
by a number of known resistors, and a range of conductivities from 0*5 X 10*^ 
to X X xo*^ mhos could be measured. l%e signal obtained - when ‘^e flash 
occurred had a duration of rather less than xo*^ sec. This pulse was passed by 
cathode-follower to an amplifier giving paraphase output to one pair of plates 
of an oscillograph. The cathode follower and amplifier had a flat frequency 
response from 5 c./sec. to xoo kc./sec. The oscillograph pulse was recordied on 

^ Zvyagintsev, Amozara, VarOlova and Khananov, /. Appl, Chem,, 

1939, 10. 
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a drum camera rotating at 3000 r.p.m. using Ilford 5G91 recording-^m. The 
general layout of the apparatus both for conductivity and attenuation measure¬ 
ments is shown in Fig. 3. 



Fig. 3. 


C. The Measurement of Attenuation. —3 cm. wavelength power was fed 
tlirough a cable from a klystron oscillator {type CV129), which was shielded from 
blast, into a rectangular waveguide terminated by a 2J in. square aperture 
horn (Fig. 3). Symmetrically placed with respect to the nfle axis was a similar 
horn, which received radiation from the first one, and guided it to the rear of 
the gun to a crystal rectifier. The guides were firmly clamped in wooden 
supports along AB and CD. A capacity joint was inserted before the crystal 
to prevent any mechanical shock, due to blast on the guides in front of the gun, 
reaching the crystal directly. The crystal and its associated waveguides were 
firmly clamped on a separate concrete pillar and mica dLscs (0*003 thick) 
were inserted at A and D to reduce the transmission of air-blasts down the 
guides. It was found necessary to staple the cable down firmly as it was affected 
by blast. This cable had an attenuation of about 10 db. and a further attenu¬ 
ation of about 6 db. was given by a wooden attenuator inserted in AB. These 
two attenuators rendered the interpretation of the results simpler by preventing 
the formation of standing waves. 

Experiments with a 3 cm. signal generator showed that the crystal was 
accurately square-law in the region used, so that the crystal current was pro¬ 
portional to power received, and the change in power during the period of ion¬ 
isation was indicated by the change of voltage developed by the crystal current 
in the detector load. The voltage pulse obtained during the flash was amplified 
and applied in paraphase to the oscillograph, the deflection being recorded on 
the drum camera as previously. The amplifier had a flat frequency response 
from 5 c./sec. to 100 kc./sec. and a gain of several values between 45 db. and 115 db. 
As the maximum attenuation was about ^ db./cm., the horns were placed at 12 cm. 
apart, since the accuracy of measurement decreases for attenuations greater 
than 6 db. The apparatus could be calibrated by rotating a large sector disc 
of brass sheet between the horns, giving alternately o % and 100 % attenuation 
at about 50 c./sec. 

D« Photoelectric Measurements on the Plash. —A series of light intensity 
measurements along the axis of the flash was made to obtain an estimate of the 
variation of light intensity and duration with distance from the murzie. The 
flash was observed with a photocell mounted at the end of a vertical cardboard 
tube (2J in. diam. and 2J ft. long), the other end of which was 9 in. below tha 
rifle axis. The photocell, which had a Baird type B cathode with Ilford fi and y 
filters, had a response very similar to visual and was protected from blast by a 
thick glass plate. The photocell current was amplified and recorded as before. 

£. Timing. —In order to correlate the signal obtained with the sequence of 
events, the following timing system was e^ntually found most satisfactory. 
The cathode-ray tube spot was triggered by a Simple mechanism operated by the 
rifle firing-pin. A potential difference of 60 v. applied across the pair of oscillo¬ 
graph plates, giving a deflection normal to the pulse deflection, held the spot 
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ofi the pisition from which it was focussed on to the him, until the breaking of 
a wire at the muzzle by the bullet removed this potential and caused the spot 
to register. A second wire placed 8 ft. from the muzzle and also broken by the 
shot nearly 4 millisec. later introduced a second potential of 60 v. when broken, 
taking the spot oh again. This period was ample for the duration of the signals 
obtained. 

In each of the above types of examination of the hash described, the mean 
of 3 or 4 rounds at each distance from the muzzle was taken. 


Results. 

A. General.—The maximum values of the conductivities and attenuation 
obtained at diherent distances in front of the muzzle are plotted in Fig. 4 and 5 ; 
a similar curve for the photo-electric experiments is given in Fig, 6. An 
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■8 

■6 
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Fig. 4. 

identification between the ionisation and the flash may conveniently be made 
by considering the photoelectric measurements in relation to those for attenu¬ 
ation. The two curves show maxima at about 40 cm. from the muzzle (Fi^. 

3 and 6) and both die 
away at about the same 
point 80 cm.). Al¬ 
though they both com¬ 
mence at rather less 
than 20 cm. from the 
muzzle, the light in¬ 
tensity results rise more 
quickly than those for 
attenuation. It is sug¬ 
gested that this is con¬ 
nected with the fact 
that the measured light 
intensities are to be 
more nearly related to 
the surface conditions 
of the flash, since the 
light consists in Ihe 
main of resonance 
radiation from sodium 
and potassium, while 
the attenuation is a 
volume effect. In the 
remon studied at about 
20 cm, from the muzzle the flash has just been initiated and is not very wide, a 
fact which would tend to give the observed form of result for attenuation and 
conductivity^ if the hypotl^s above is the case. 



Fig. 5. 
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The general agreement is marked, particularly when it is considered that the 
time observed to develop maximum effects for attenuation and light intensity 
from shot emergence was the same in the two cases at a given distance from the 
muzrle within the limits of experimental error. The attenuation and light 
intensity results were chosen for correlation since the two methods sample more 



Fig. 6 . —^Variation of light intensity with distance from muzzle. 


nearly the same amount of gases than in the case of conductivity. The general 
form of the results is in harmony with the known facts that the flame is initiated 
at the point A (Fig. i), from which it spreads forwards and sideways. In the 
boundary regions rapid cooling occurs, and throughout the flash there is a general 
dispersal, with consequent dilution, leading to the production of a cooler flame. 



Fig. 7. 


Considering the conductivity results plotted in Fig. 4, a curve of the same 
general form as Fig. 5 is obtained. The times of the maxima of both conduc¬ 
tivity and attenuation signals are shown in Fig. 7 and it will be seen that they 
lie on a smooth curve, subject to experimental error. Since the conductivity 
method probes a very much smaller region of the muzzle gases, as compared with 
about loo sq. cm. for the attenuation method ^aing horns at the ends of the 
waveguides, more precise information may be obtained from it. The rapid 
increase in conductivity at 22 cm. from the muzzle is to be directly correlate 
with the point of initiation bf the flash. The maximum of Fig. 4 is much nearer 
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this point than that of Fig^. 5, which is related to the fact that the total width 
of the dame, in its initial stages, although wide enough to fill the space between 
the electrodes, did not fill that between the horns, which were about 13 cm. 
apart. Both effects die out to negli^ble proportions at about 80 cm. from the 
muzzle. The rate at which the region of maximum ionisation moves forward 
may be estimated from Fig. 7 and is 2-2*5 X cm./sec. in the flash. No 
precise conclusions can be drawn from this since two effects are involved : 

(i) forward motion of the gases as a whole, 

(ii) motion of the flame front. 

It may be mentioned that the above velocity is high as compared with any of 
the flame speeds noted by Lewis and von Elbe,* while by no means great enough 
to represent a detonation wave of combustion. 

The conductivity results were roughly triangular in shape and their duration 
became greater at increasingly distances from the muzzle as may be seen from 

the examples in Fig. 8. This is consistent 
with a relatively slow-moving zone of re¬ 
action in a cloud of gas moving forward 
at a higher speed, diminishing at increasing 
distances from the muzzle. The attenuation 
signals were more square in shape, and of 
duration not significantly dependent on dis¬ 
tance from the muzzle. In some cases they 
showed two maxima with a small trough be¬ 
tween them, which was probably caused by 
the motion of the flame in a sideways and 
even backwards direction (i.e. towards the 
muzzle)—^a phenomenon not observed with 
the more centrally-situated conductivity electrodes. Qualitatively, then, the 
^o methods are in good agreement, the differences between them being related 
in obvious ways to the methods of sampling the gases for the purposes of 
measurement. 

The results of both methods may now be used to derive figures for the number 
of electrons per cc. of gas for the maximum points of Fig. 4 and 5 respectively. 
The c^culations involve a fair degree of approximation, but are not considered 
to be in error by more than a factor of 5. No further reference to the photo¬ 
electric measurements is made since their sigfnificance, apart from correlation 
of flash and ionisation, is small in the absence of further knowledge of the flame 
system. 

B. Calculation of N, the Number of Electrons per cc.—i. From Con¬ 
ductivity Results. The muzzle gases consist mainly of N„ CO, CO,, H, and 
H ,0 with small quantities of NH,, CH, and K (from KCIO, in the firing cap), Ca 
(from the propellant stabiliser), and unavoidable traces of Na. The principal 
Na and K lines and the CaO bands have been found to be the principal features 
of the spectrum of the flash. This spectrum is due to thermal excitation of 
the particular atoms or groups, and it is supposed similarly that the ionisation 
is of a thermal nature, such as has been detected and studied in ordinary coal-gas 
flames (see Wilson •). 

The conductivity of the gases is due to the free electrons produced by the 
ionisation of the metallic atoms in the gases since the mobility of the metallic 
ions is much less, being of the order of io“* to 10-* of the electron mobility, on 
account of their greater mass. A general expression relating the potential 
drop V between two electrodes in a &Lme at a ^stance d from each other, and 
the current i flowing has been found experimentally for burner flames, and has 
the form: 

V ^ Aid + Bi* 

in which A and B are constants for a given flame. Wilson (loc. cit.) has deduced 
a theoretical expression for this, in which, if the electrodes are of unit cross- 
section ; 



* Lewis and von Elbe, Combustion, Flamss and Explosions of Gasss (Camb. 
Univ. Press, 1938). Ch. IX, X and XI. 

* Wilson, Modem Physics (Blackie, 1944). 
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where N » no. of electrons per cc. in the body of the flame, i.e. at a distance of 
greater than 0*5 cm. from the electrodes, 
kj^ = mobility of positive ions, 

= electron mobility, 

« = electronic charge, 

q — rate of formation of electrons == aJV* in the body of the flame, 
where a = the coefficient of recombination. 

The equation may therefore be written as 




A'id B'i* 
N m 


where A' and B' now contain only the constants and e and a. 

We have e = i*6 x io~i* coulomb and using the results quoted by Wilson * 
for flames, in which k^, and a seem to be more or less independent of tem¬ 
perature, 

— 2600 cm./sec. per volt/cm., 

== 2 

a = 8*5 X 10-’ 

_ {2*4 X io^^)id , (4*6 X io*’)i* 

.. K + — . 

In the present case, the area of the electrodes may be taken as 0*5 cm.,* 
and the distance between them d as 3 cm. to the degree of accuracy possible. 
We have V = 240 v. and in the position and time of maximum conductivity 
the current density is 15 X io“* X 240 X 2 amp./cm.* = 7*2 X io“* amp./cm.* 
The maximum conductivity being 15 x 10 "• mhos from Fig. 4. Hence 


240 — 


5*2 X 10^* 


2-4 X 10** 

H - 


This is cubic in ijN which may be solved directly giving iV = 2*2 X 10’^ electrons 
per cc. 

Now the above equation relating V and i was derived on the assumption 
that the cathode would emit no electrons, resulting in an electron deficiency, 
with consequent high potential gradient in its neighbourhood. It is this pheno¬ 
menon which is responsible for the term B»* in the equation, and it does not 
follow that the equilibrium situation in which this holds for a burner flame is 
set up in the flash. It may be taken that appreciable heating of the electrodes 
does not occur and that emission is therefore negligible, but the velocities of the 
gases between the electrodes is of the order of that of sound (3 x 10* cm./sec.) 
and is comparable therefore with the speed witli which an electron crosses the 
electrode gap (^21 x 10* cm./sec. in uniform potential gradient of 80 v./cm.), 
and thus the effect which brings about the Bi* term may be absent, particularly 
in the presence of the undoubted high turbulence. In any case it is seen that 
the term Bi* has the value (2*40 x io**)/(2‘2* x lo**) == 0*23 which is negligible 
if F = 240, so that it is immaterial to the calculation whether the cathode 
phenomenon is set up or not. 

2. From Attenuation Results. —A calculation from the attenuation measure¬ 
ments leading to a value of N at maximum attenuation is now made. If the 
voltage attenuation of the 3 cm. radiation after penetration of s cm. of imperfect 
conductor is e“y«, then from classical electrodynamics : 

y = (Gaussian units) 
in which _ 

~ ~ ** coefficient of extinction. 


where 


Here u and 
K « a//. 


A — wavelength in vacuo, 
f = frequency of radiation, 
fi = permeability, 
f » dielectric constant, 

a »= specific conductivity of gases at frequency /. 
c do not differ appreciably from unity, and since then 


Therefore y 


2 ir a 

T-7 


2ircr 

C 


where c 


velocity of light m vacuo. 


* Wilson, Rev, Mod, Physics, 1931, 3, 156. 
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But 

where 


^ m * <*#• + v** 

N = no. of electrons per cc., 
e = electronic charge, 
m = electronic mass, 

V = collision frequency of electrons, 
to = angular frequency of the radiation = 2tp/. 
_ 2nNe* V 

^ me ’ ctf* -f 


The collision frequency v may be estimated from the kinetic theory of gases. 
We have 


V = —. . . . • (i) 

4 

ImC* = |fcr .(a) 

n = PIkT .(3) 

where n = no. of molecules per cc., 

c = mean velocity of electrons, 

C = r.m.s. velocity of electrons = 

p = molecular diameter, 

T = temperature of gases (°k.). 

P = gas pressure, 

c= /?Hfrom(2) 

V 3ir V irw 

and i; = -p*« . p*M from (i) and (2), 

4 V trm V 2 m 


.*.1/= /_-:^.p*P. using (3). 

V 2mfcT 

Taking K ^ 1*4 x lo-^* erg./®c., 

w = 9 X io“** g., 
p r=: 3 X IO-* cm., 

P lo* dynes/cm.* i atm.), 

then i; = 7 X 10'® impacts/sec. when T == 2ooo°k. (see later discussions of 
temperature). 

But <0 = 2w/ = 6 X 10'® sec.~^ 

and V ^ <0. 


Now vl{w* 4- V*) has a maximum of J when 1/ = a», falling only to ^ as t;/a» varies 
between J and 4, and hence the error in taking v ta will be small. 


Hence 


2 nNe* 

me 


I 

2 W 


Ne* 

2 mef’ 


If the attenuation is expressed as j8 db./cm., then / 


87y and hence: 


iV = 5 !^=^= 2-7X 

using e = 4-8 X lo-i® B.s.u. 

The maximum attenuation observed is ^ ~ o*6 db./cm. (Fig. 5) and therefore 
N = 1*6 X 10“ electrons/cc. 

3. Comparison of Results. —^No. of electrons/cc. by conductivity =2*2 X10^^. 
No of electrons/cc. by attenuation = i»6 X 10^^. The agreement is therefore 
very satisfactory, considering the approximations involv^—^particularly when 
it is borne in mind that the conductivity method measures the electron density 
at the rifle axis, whereas the attenuation method measures the mean density over 
a much greater volume of gas and will therefore be sxnaller. The general form 
of Fig. 4 and 5 indicates tbat the agreement between the two me&ods will be 
good over the whole region of measurement. No previous compari^n of a direct 
nature between these two methods for flame ionisation appears to have been 
made. 

The agreement between the two methods will allow of a calculation of the 
efi^tive tem^rature to be made, using the equation of Saha. This will only 
be equal to the true temperature if the ions and electrons are in thermodynamic 
equilibrium with the rest of the flame system. 
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Temperature Estlmatloii for the Flash. 

The degree of ionisation of any atomic or molecular species as a function 
of temperature under conditions of thermodynamic equilibrium has been 
worked out by Saha.* 

where P s= pressure of gases in atm., 

X = fraction of gases ionised, 

V = ionisation potential (v.), 

T == temperature k.). 

This is only exact at equilibrium and when ions or electrons are not 
removed from the gases. It has been demonstrated to be accurate for 
coal-gas flames containing added alkali salts by Bennett.* In the range 
coi^idered the temperature is a very slowly varying function of the 
ionisation and hence the equation may be applied with some accuracy. 

A round of Service ammunition containing M.D. Cordite has the 
following relevant metal content: 


Element. 

lonisatiod Potential (v.). 

Amount (g.). 

K 

4*32 

0*004 

Na 

511 

a trace 

Ca . 

6*12 

0*004 


No sodium is deliberately added but traces of it cannot be excluded al¬ 
though there is less of it than of the other metals. It is probably not 
significant, however, since lo times as much Na and loo times as much 
Ca are required to give the same number of ions as a given amount of K 
near the estimated temperature of 2000® k., on account of their higher 
ionisation potentials. Hence the electrons in such a case are derived 
chiefly from K atoms. 

0*004 g. of K contains (4 x lo-* x 6 x io**)/39 = 6 x 10^® atoms 
which are distributed over a volume of about 12 x 10* cc. in the flash. 

.*. No. of K atoms/cc. ==: 5 X 10“ per cc. 

The maximum number of ions/cc. observed in the flash by the attenu¬ 
ation method is i*6 x io“/cc. giving ;r = 3*2 x io-‘, and, taking P = 1 
atm., since the gases are about completely expanded at the time of 
flash occurrence ; 

21,800 , ^ 

-+ 2*5 log r - 6*5 = - 8*99 

whence T « 2000® k. 

Using the conductivity maximum result, T « 2050® k., which is quite 
satisfactory agreement. This also justifies the use of T = 2000® k. in 
calculating the coDision frequency, since the collision frequency is a slowly 
varying function of the temperature and the degree of ionisation is a 
rapidly varying one. 

It is assumed that all the electrons produced by thermal ionisation 
remain free; if they combined with neutral mcflecules they would cease 
to contribute effectively to the conductivity of the gases. This com¬ 
bination is considered unlikely at the high temperatures dealt with here.’* 

•^Saha, PhU. Mag., 1920, 40, 472. 

* Bennett, ibid,, 1927* 3 > 127. 

Maxfield and Benedict, The Theory of Gaseous Conduction and Eledronies 
(Mc(^w-Hill, X942)» p. 247. 
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Loss of electrons by recombination with positive ions takes place by two 
consecutive processes of which this is the first,’* and thus the electrons 
are not lost until the gases have cooled. 

In the conductivity case it is assumed that secondary ionisation does 
not take place due to the application of an electric field, which would 
involve the ion falling through a potential difference of the order of V, 
its ionisation potential, in the course of a free path. Since the smallest 
value of V is about 4 v. and the field is at most 80 v./cm., this would 
involve a free path of about 0*05 cm. The actual mean free path is of 
the order of lo”* cm., so that secondary ionisation is very improbable. 

The possibility of selective absorption by excitation of molecular species 
in the attenuation case also exists, since some of the muzzle gases have 
absorption bands in what may be regarded as the very remote infra-red. 
Ammonia has a band at 1*3 cm. ; O, at 0*5 cm.; HgO has 17 lines at 
> 0*05 cm., one of which is at 1*3 cm. The lines are broadened for various 
reasons of which the most important here is collision-damping. The 
oxygen and water lines are much weaker than the ammonia line, but much 
less ammonia is present (<0*5 %). From the known absorption co¬ 
efficients of these lines the total absorption due to all these sources at 
3 cm. is found to be less than io“* db./cm. and therefore not detectable 
in our experiments. 

No other results for flash temperatures are available, although it is 
considered that values could be obtained by two methods : 

(i) by the reversal of the Na D lines ; 

(ii) by comparison of the intensities of the first two pairs of doublets 
in the principal series of K. 

Calculation of values is out of the question, since there is no obvious 
way of determination of the composition in terms of combustible/air 
ratio at any given place and time, but the result of 2000° k. is reasonable. 

Lewis and von Elbe * quote values for a number of gas mixtures, 
the most relevant of which are given below. The determinations are 
by Lewis, Seaman and Jones.® 


Combustible. 1 

Diluent. 

% Combustible. 

Flame Temp. 
Tk.). 

31-9 % CO + 22-5 % H. + 45-4 o/^ n. 

Air 

450 

1991 

37-0 % CO + 27-1 % H, + 35-9 % N, 


41-7 

2085 

10 CO + 3 CO, 


38-5 

2070 

H, + 2 N, 


i 8-5 

1748 


These values show that the figure deduced above for flash temperature 
is of the right order of magnitude, and strengthen the supposition that 
the ions and electrons are in thermodynamic equilibrium. 

Observations between the Flash and the Muzzle. 

The observations were not entirely confined to the region of the bright 
yellow flame described above but were extended backwards towards the 
muzzle beyond the point,A (Fig. i). This region is occupied by a stnall 
dull red glow which is not a combustion, but rather a luminosity due to 
a pressure disturbance, which is of duration less than a millisecond and 
occurs before the main flame is initiated at A. The glow extended from 
about 10-20 cm. from the muzzle. The number of electrons/cc. in it, using 

’*Maxfield and Benedict, The Theory of Gaseous ConducUan and Electronics 
(McGraw-Hill, 1942), p, 246. 

* Lewis and von Elbe (loc. cit., ref. 2), Appendix C. 

• lewis, Seaman and Jones, /. Frank, Inst. 1933, ^ 49 * 
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the same methods of calculation as previously were 2*4 x lO® (conductivity 
method), and <5 x lo* (attenuation method). The former corresponds 
with a temperature of 1300® k. The limitation of the sensitivity of the 
attenuation apparatus was caused by the blast waves on the horns and 
guides, producing an irregular output as the system was shocked into 
vibration. After precautions had been taken to reduce this effect, the 
smallest attenuation that could be measured was 0*02 db./cm., with the 
horns 27 cm. apart and 15 cm. in front of the muzzle. The distance 
between the horns was increased to this value from 12 cm. partly to 
increase the total attenuation but mainly to reduce the effect of the horns 
on the gas flow. 

The authors wish to express their gratitude to Prof. R. G. W. Norrish, 
F.R.S. and C.S.R.R.D.E., who jointly sponsored this work, and to the 
A.R.D. for considerable assistance. They also wish to thank the Chief 
Scientist of the Ministry of Supply for permission to publish. 

Summary. 

The electrical conductivity and the attenuation of 3 cm. wavelength electro¬ 
magnetic radiation in the transient flame or flash produced by firing Service 
ammunition from a 0*303 in. rifle into air have been measured. They show a 
good agreement between each other, both in time and magnitude, as well as with 
photoelectric measurements of light intensity. Satisfactory agreement is given 
by calculations of the number of electrons per cc. from the results of both methods. 
The application of the Saha equation leads to a value of 2000k. for the flame 
temperature, which seems a reasonable value. The main conclusion is that the 
two methods lead to the same result. 

Laboratory of Physical Chemistry, 

Free School Lane, Cambridge, 


REVIEWS OF BOOKS. 

Chemistry of Muscular Contraction. By A. Sz£NX-Gy6rgyi. (Academic 
Press. Inc., New York, 1947.) Pp. vi -f 150. Price $4.50 

This book, which is based on the Cameron Lectures delivered by the 
author at the University of Edinburgh in 1946, is mainly an account of 
the work of himself and his associates on muscle proteins. Szent-Gydrgyi's 
enthusiasm is infective, but it ^iannot be said that he has given either a 
lucid or an adequately critical account of his ideas. After prolonged 
study the writer is unable to separate facts from suggestions and inferences, 
which may or may not survive critical examination. The thesis is briefly 
that myosin, the extractable protein of muscle, is not a simple substance. 
It consists of two components for one of which the name myosin is re¬ 
tained, and the other named actin. The latter occurs in two forms, 
globular and fibrous, the transformations of which can be followed by 
double refraction, viscosity, etc. The combination of the myosin antk 
actin, which occurs over a range of proportions, gives rise to a substance, 
actomyosin, with very elongated molecules, and with the property of 
shrinking and dehydrating under the action of adenosine triphosphate. 
Szent-Gydrgyi sees in this the basic process of muscular contraction, 
but a great deal more evidence is required before this idea can be regarded 
as established. 
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Nevertheless it will be obvious to every reader that he has isolated 
some very interesting substances, with properties which will repay a 
great deal more investigation. At least it has been shown that muscular 
chemistry is of very great complexity, and to the first urgent need, i.e. 
of isolating the substances concerned, Szent-Gydrgyi has made a con¬ 
tribution which deserves serious, though not necessarily uncritical study. 
Physical chemists will find the third part of the book, which puts forward 
some ideas on the structure of proteins in general, on the basis of their 
quasi-crystalline phosphorescence, much less satisfactory. On the whole 
they may feel that something of value is being germinated, but they will 
not arrive at any very clear notions as to what it is. 

J. A. V. B. 


Statistical Methods in Research and Production. Edited by Owen 
L. Davies, M.Sc., Ph.D. (Edinburgh: Oliver and Boyd, 1947,) 
Pp. xi + 292. Price 28s. 

This book is a collaborative effort by members of the staff of Imperial 
Chemical Industries Ltd. It is, as Lord McGowan points out in a Fore¬ 
word, the first of a series of scientific and technical handbooks, published 
with the aim of making generally available the important body of informa¬ 
tion accumulated as a result of the Company's manufacturing experience 
and research. 

The authors have performed their task with judgement and discretion. 
Their object has been to describe those statistical methods which are 
most applicable to the Chemical and Allied Industries and to illustrate 
their use by examples taken from research and process data. The book 
is well planned and the examples are carefully chosen from a wide range 
of practical problems. 

In the introductory chapter, the types of problems amenable to 
statistical treatment are discussed; succeeding chapters deal with Fre¬ 
quency Distribution, Averages and Measure of Dispersion, Tests of 
Significance, Analyses of Variance. Regression and Conelation, Frequency 
Data and Contingency Tables, Sampling, Control Charts and Prediction, 
and Specification. Finally, there is a section devoted to such matters as 
Typetesting of Mathematical Expressions, Statistical and Mathematical 
Symbols and Tables of Statistical Functions. 

To the reader new to the study of statistical methods, the importance 
of mastering the terminology of the subject is emphasised and, to this 
end, a Glossary of Statistical Terms is given. The treatment, on the 
whole, is clear and concise and, in particular, the chapters on Sampling 
and on Control Charts are of outstanding interest. 

Probably no routine industrial operation causes more trouble than 
sampling, although the mathematical theory is now well established, 
and there is an extensive literature on the subject. In chapter 8, five 
cam are discussed in detail, namely, the Sampling of Attributed and of 
Variables, of Liquids and Solids, and Sampling from a Continuous Flow. 
The mechanical technique of sampling is not dealt with, but the examples 
chosen to illustrate the various methods also serve to emphasise some of 
the precautions which have to be observed to avoid systematic errors. 
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Qosely related to eampliiig is Statistical Quality Control, which may 
be defined as the procedure for determining when there is a significant 
change in the quality of a product. The method advocated is the use of 
Control Charts, as part of a continuous inspection system, where readings 
of the quality characteristic are plotted as manufacture inroceeds. The 
distribution of the plotted values in relation to the Control Limits then 
provides statistical information on the quality being studied. Although 
this method has been widely used in light engineering work, its applica¬ 
tion to chemical processes is relatively new; it has, nevertheless, already 
proved of value in a number of investigations in bringing to light significant 
variations, which would normally be overlooked. An instructive example 
is worked out in detail, in Appendix qa, and illustrates the use of the 
charts in a research investigation, the setting and hardening properties 
of a plaster. 

Probably one of the most valuable uses of the statistical method is 
in planning large-scale investigations, so as to obtain the maximum 
amount of information from a given number of experiments. This aspect 
of the subject, however, is not dealt with, except by implication, in the 
Handbook ; but the authors recognise its importance in the Introduction, 
and hope to see it included in a subsequent volume of the series. 

We cannot conclude without a word of appreciation of the enlightened 
policy, which has placed at the disposal of scientists generally the unique 
experience of a large organisation in the field of chemical technology. 

D. M. N. 


Theory of the Stability of Lyophobic Colloids. By £. J. W. Verwey 
and J. Th. G. Overbeek. (Elsevier Publishing Co. Ltd., Amsterdam). 
Price 22S. 6d. net. 

The authors of this book set out to establish the view that the force 
acting between two colloidal particles is the resultant of a repulsion due 
to electric double-layer interaction and an attraction due to van der 
Waals-London interaction. The reasoning follows the lines of the earlier 
work of Hamaker. 

About the time of the outbreak of war a discussion had arisen over 
the way in which the force du^ to interaction of the diffuse parts of the 
double-layers of two colloidal particles should be calculated. The authors 
have made a very thorough examination of this matter, and confirm that, 
on the basis of the assumptions originally made by Gouy, this force 
should always be a repulsion. Numerical results are given in numerous 
tables and graphs both for the case of two parallel flat plates and the case 
of two spherical particles. The authors explain in their preface that 
because of the dif&culty of setting out these results within the limits of 
articles in periodicals, they decided to present them in book form. 

In their treatment of the force due to van der Waals-London inter¬ 
action the authors state on pages 19 and 100 that this interaction is not 
greatly influenced by the presence of the liquid surrounding and separating 
the particles. The following point is worth considering in this connection. 
If, within a homogeneous mass of liquid we picture two spherical surfaces 
to be drawn so as to enclose two spheres of liquid in proximity, the authors* 
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statements would lead us to conclude that these spheres would be attracted 
to one another. Since the condition is evidently one of equilibrium, 
it is clear that other forces besides the direct van der Waals-London inter¬ 
action between the spheres must be taken into account. In general, 
we must also consider the interaction between all elements of the liquid 
outside the spheres which will give a further force urging the spheres 
together, and the interactions of the liquid inside each sphere with the 
outside liquid which will give rise to a repulsion. In this imaginary case 
the resultant force must be zero. 

For hydrophobic particles it is quite possible that the balance of van 
der Waals-London forces is an attraction, but the foregoing considerations 
should make us pause before accepting the conclusion reached by Verwey 
and Overbeek that the attraction displayed in the flocculation of colloids 
is wholly due to these forces. The conclusion that the double-layer inter¬ 
action must always cause a repulsion follows from the postulates of Gouy, 
but would not necessarily emerge from a theory that takes account of 
the magnitudes of the ions and charges. Langmuir*s attempt to com¬ 
pute the effects of interionic forces may be proved incorrect in detail, 
but may yet turn out to be a pointer in the right direction. 

The presentation by these authors of their conclusions will no doubt 
provide a stimulus to further research, both theoretical and experimental, 
into the complex problems presented by the behaviour of colloids. In 
normal times this stimulus would have been more effectively given by 
publication in a scientific periodical. In a book carrying the present 
title one would expect to find a more balanced account than the authors 
have achieved or even attempted. Readers who are not prepared to 
take a keen interest in the phases of applied mathematics which are the 
main concern of the authors, will derive rather meagre satisfaction from 
the rest of the book. It is disappointing to find tables of " flocculation 
values quoted without any discussion of the part played by ionic 
exchange. The “ classical experiments on flocculation were made 
before the importance of ionic exchange was appreciated, and they need 
to be reconsidered and possibly re-interpreted in the light of recent 
knowledge. Consequently it is difficult to judge just how much im¬ 
portance should be attached to the agreement claimed between their 
theoretical results and the rule of Schulze and Hardy. 

Considering that the authors were writing in a foreign language their 
English is astonishingly free from defects. The general style is admirable. 

R. K. S. 



A CONTRIBUTION TO THE THEORY OF THE 
STRUCTURE OF PROTEIN FIBRES WITH 
SPECIAL REFERENCE TO THE SO-CALLED 
THERMAL SHRINKAGE OF THE COLLAGEN 
FIBRE. 

By (the late) Dorothy Jordan Lloyd and Marjorie Garrod. 

Received 6 th January, 1947; as revised 6 th May, 1947. 

It has previously been shown that collagen fibres, swelb’ng under the 
action of aqueous solutions of acids and alkalies, pass into an axially 
contracted, radially swollen form, which can be extended back to its original 
length by loading.• Similar changes can be induced in silk, reticular 
and collagen fibres, by a number of organic solvents in the cold, and still 
others if the temperature is raised.^ Elastin fibres show rubber-like ex¬ 
tensibility in their natural wet condition, and continue to do so if the 
water which is normally present is replaced by an organic solvent. 

In order to account for the change from the normal only slightly ex¬ 
tensible form to the rubber-like form with long-range extensibility, the 
theory has been advanced that in these fibres the long polymeric molecules, 
which have been shown by X-ray analysis to be mainly in the fully extended 
condition, must be laterally held by two (or more) chemically distinct 
types of link, which may either be direct cross bonds from backbone to 
backbone of adjacent molecules (the carbimino link) or may be cross bonds 
formed through polar side chains. Moreover, that condition which leads 
to the opening of one type of lateral bond only will bring about overall 
shortening of the freed sections of the backbone (due to the gain in entropy 
which ensues) together with radial swelling and the development of long 
range elasticity, while conditions which lead to the opening of all types 
of lateral bond will bring about solution of the fibre. 

The object of the present paper is to consider the relation between the 
chemical constitution of the natural protein fibres of collagen and silk 
fibroin and the chemical character of the solvents which induce the change, 
norma^-^ rubber-like form, with the object of obtaining evidence on the 
chemical character of the lateral bonds in each fibre. The consideration 
is also extended to elastin, which normally exists in the rubber-like form. 
Much of the discussion in this paper is based on the experimental evidence 
published elsewhere.^'* ^ 

The following lateral links have been suggested as occurring in protein 
fibres. 

(1) The salt link between basic and acidic side chains—^an electro- 
valent link, which in the presence of an ionising solvent will not be fixed 
in length or direction. 

(2) Hydrogen bonds of several types, in which the bonds are of fixed 
length and direction, e.g. (a) the amide cross-link between an amide 
group and some other polar side chain; (6) the hyd^roxyl-hydroxyl link ; 
(<?) the direct carbimino link, 

(3) Covalent links, fixed in length and direction and normally of high 

^ Marriott, Biochem. 1932, a6» 46. 

• Jordan Lloyd, Marriott and Pleass, Trans. Faraday Soc., 1933, 554 * 

> Jordan Lloyd and Marriott, ibid., 1936, 32,^32. 

• Jordan Lloyd, Dempsey and Garrod, ibid,, 4aB, 1946, 228. 

• Jordan Lloyd and Garrdd, J. Soc. Dyers Col. (Sjrmposium on Fibrous 
Proteins), 1946, p. 24. 

^6 


44 * 
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strength, e.g., (a) the disulphide link —S—S—; ( 5 ) a peptide link formed 
by condensation at a salt link. 

The chemical constitution of the protein fibres under consideration 
in this paper so f^ as at present known, is shown in Table I according to 
the classification of their side chains. The outstanding contrast between 
the different fibres is brought out in the ratio of residues with no side chains, 
residues with non-polar side chains and residues with polar side chains, 
elastin having comparatively few polar side chains and collagen and silk 
having higher proportions. The special cases of silk, collagen and elastin 
may now be considered from the standpoint of their chemic^ constitution. 

The Cross-Linkages of the Silk Fibre (silk fibroin)* 

The silk fibroin fibre does not swell in ethyl, propyl or butyl alcohols, 
propionic or butyric acids or w-cresol. It swells radi^ly, 10-50 % increase 
without change of length, in water, methyl alcohol, formamide, acetic 
acid (especially at raised temperature), lactic acid, thioglycollic acid and 
with axial shortening with strong radial swelling in formic acid.^ X-ray 
studies of silk fibroin show that in the fibre the molecule is fully extended 
and is built of a pair of repeating residues for the greater part of its 
length.* Reference to its chemical composition suggests : 

where G represents glycine residues, A alanine and S hydroxyalanine 
(i.e., serine). 

A serial arrangement of residues with glycine in every alternate position 
would leave one side of the extended backtone free from side chains, while 
on the other the non-polar side chains of alanine and the polar side chains 
of serine would alternate.’ On one side, therefore, there would be scope 
for direct backbone linkages and on the other for hydroxyl-hydroxyl 
linkages across the serine residues. This structure would give two types 
of lateral bond of different chemical properties. X-ray studies of silk 
fibroin fibres show two equatorial spacings of appropriate dimensions 
(Astbury •). 

The effect of formic acid in causing the contraction of silk is explicable 
on the assumption that this reagent breaks the backbone hydrogen bonds 
but not the hydroxyl-hydroxyl links, thus leaving sections of the back¬ 
bone still held by one or more type of lateral link. This assumption is 
supported by the behaviour of Nylon and cellulose in formic acid. 

The direct backbone carbimino link, > C : O -► HNC, is the only lateral 
link in the Nylon fibre, 6-6 Nylon (from hexamethylene diamine and 
adipic acid) having no side chains. Under X-ray anal3rsis the extruded 
fibre shows a disorientated crystalline structure which becomes orientated 
on cold-drawing (Harris •). The cold drawn fibre ** sets " through the 
parallel alignment of the long polymeric molecules which allows the 
formation of the direct backbone link. The presence of a 6-atom chain 
between each pair of lateral bonds leaves a residual elasticity in the 
fibre. Nylon is soluble in cold formic and thioglycollic acids and in 
lactic acid on warming, the warm sol setting to an opaque white gel on 
cooling. Hence under anhydrous conditions these organic acids (pK 
3 *3-3 *7) must be able to break the direct lateral backbone link without 
attacking the backbone itself. Nylon is also soluble in m-cresol. 

The reaction involved with m-cresol may be as follows:— 



* Brill, Annahn, 1923, 434» 204. 

’ Jordan Lloyd and Marriott, Trans, Faraday Soc,, 1933, 39, taaS. 

* Astbury, Textile Fibres under X-rays (I.C.I. Ltd., 1943). 

* Harris and Sookne, J, Nat, Bur. Stand,^ 1941, a6, 289. 
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TABLE I 


- 

g. xnol. per zoo g. protein. 


Silk Fibroin. 1 

Collagen.* 

Elastln.* 

Residues without side chains (a) 

Glycine ..... 

0*5840 

0*3630 

0*3822 

Residues with non-polar side chains (6) 
Alanine ..... 
Valine 

Leucines ..... 
Phenylalanine .... 
Proline ..... 

0*2966 

0*0191 

0*0091 

0*0087 

0*0978 

0*0147 

0*0542 

0*0079 

0*1644 

? 

0*1310 

0*2290 

0*0202 

0*1322 


0*3335 

0*3390 

0*5124 


Residues with polar side chains (c) 

OH side chains — 

Serine ..... 

Threonine ..... 
Tyrosine ..... 
Hydroxyproline 

0*1475 

0*0118 

0*0729 

0*0324 

0*0118 

0*0057 

0*0825 

0*0100 

0*0150 

Total hydroxyl . 

0*2322 

0*1324 

0*0250 

Methionine .... 

0 

0*0050* 

0*0025 

Basic side chains — 

Arginine ..... 
Lysine ..... 

Histidine ..... 

0*0055 

0*0017 

0*0005 

0*0435 

0*0342 

0*0032 

0*0050 

Total basic 

0*0077 

0*0809 

0*00) 

Acidic side chains — 

Aspartic acid .... 
Glutamic acid .... 

? 

0*0138* 

^ 0*1300* 

0 

? 

Total acidic 

0*0138 

0*1300 

1 

0 

Tryptophan .... 

Annde side chains 

Disulphide side chainsiz 

0 

0 

0 

0*0470 * 

0 

0 

0*0029 

0 

Total polar 

0*2537 

0*3953 

0*0354 

Total polar without amide groups c' 
Ratio a:b :c' 

0*2537 

523-2 

0*3483 

4-3:3 

1 

0*0325 

4 •* 5 2 O’^ ^ 


» Astbury, Adv. Enz„ X943, 3, 74. 77. 

* SneU» Adv. Protein Chem,,^, 83. 

* Bowes, Ann. Reports, Appt CfHem., 1943, j8, 324, 

* Bowes and Kenten (unpublished work). 

* Stein and Millar, ./. BioL Chem., 1938, 133* 612. 
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The action of formic acid on silk may therefore be similarly attributed 
to the opening of the direct backbone Hnk, thus allowing entropy effects 
in the backbone to come into play. Thioglycollic acid, lactic acid and 
m-cresol do not cause silk to pass into a shortened form with rubber-like 
properties, but this may be due to their failure to penetrate the molecular 
grid, which is fine on account of the shortness of the alanine and serine 
side chains. 

Cellulose, with its characteristic hydroxyl-hydroxyl link, is insoluble 
in cold formic acid : if, then, the assumption that this reagent does not 
attack the hydrogen bonding between hydroxyls is correct, it may explain 
the insolubility of silk in cold formic acid. 

Both silk and cellulose are soluble in cuprammonium and cupri- 
ethylene diamine * without degradation of the long backbone of the mole¬ 
cule. These reagents therefore can open the hydroxyl-hydroxyl link in 
cellulose and silk, and on account of their character as strong bases could 
also be assumed to open the direct backbone carbimino link in silk. 

The Gross-Linkages of the Collagen Fibre. 

The collagen fibre differs from the silk fibre in its considerably greater 
proportion of polar side chains, particularly the basic and acidic side chains. 
These side chains are comparatively long and their occurrence in collagen 
will account for two characteristics of the fibre, namely, the o|)en struc¬ 
ture (the collagen fibre in its natural wet " condition carries about 66 % 
of its weight as water) and the importance of the salt link. 

The open nature of the structure can be demonstrated by Speakman's 
method of judging average pore size by following the penetration of a 
homologous series of solvents. Collagen fibres are penetrated at 20® 
by methyl, ethyl, w-propyl and tso-butyl alcohols. The average pore 
size is, therefore, greater than that of silk and may be assumed to be of 
the order of 7-8 a. Collagen fibres show slight radial swelling in the 
alcohols but no change in length even on boiling. 

X-ray studies of the collagen fibre suggest that the long polymeric 
molecules are normally in a position of full extension (possibly with a 
slight twist in the backbone), and Astbury “ considers that the constitution 
of the molecule can be roughly indicated as : 

—R—P—G—R 

where P is proline (or hydroxyproline), G glycine and R some other residue. 

Assuming, therefore, that the collagen molecules are fully extended 
for at least the greater part of their length, they must be held in this form 
by frequent lateral bonds. All the types of cross link listed above may 
occur in collagen except the disulphide link. 

Considering the constitution of collagen (Table I), for every ten residues 
in the backbone there are roughly 3 writh polar side chains, 3 with non¬ 
polar and 4 without projecting side chains. Two of the 3 polar side 
chains are basic or acidic, i.e., could take part in an electro valent salt 
link; the third, terminating in a hydroxyl or amide group, could con¬ 
tribute to a hydrogen bond.'** 

The passage of the collagen fibre from the normal form to the axially 
contracted form and on to the sol form can be explained on the theory 
already advanced, namely, that in the normal form the fully extended 

* Shortened expressions used to denote aqueous solutions of the corresponding 
hydroxides. 

Speakman, Proc. Roy. Soc. A, 1931, 132, 167 ; Trans. Faraday Soc., 1930, 
a6, 61. 

Astbury, JJ.S.L.T.C., 1940, 24, 69. 

Janakiraman and Gururajan, Indian J. Set. Jnd. Res., 1945, 3, 355. 

Spiers, J.I.S.L.T.C., 1933, I93- 
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back-ix>nes of the molecules are held in place by two or more chemically 
distinct types of lateral bond, one of which is weakened under the con¬ 
ditions leading to “ thermal shrinkage while the other (or others) does 
not give way until conditions are such that the collagen passes into solution. 
The more labile bond in the collagen fibre appears to be the electrovalent 
link formed between acidic and basic side chains ; the more stable bond 
appears to be a hydrogen bond between amide and possibly hydroxyl 
side chains or the direct carbimino backbone link or both of these. 


Swelling and Shrinkage Temperatures of Collagen. 

The possible effects on the salt links of collagen by electroljrtes, non¬ 
electrolytes, and the dielectric constant of the solvent as revealed by swelling 
and thermal shrinkage, have been studied. 

The material was prepared from dry-salted Cape hair-sheepskin. 
Samples about 20 cm. by 8 cm. were selected from the best parts of the 
skin avoiding the neck and tail areas, and coming no nearer than 1-2 in. 
to the backbone. Most of the wool was removed by clipping and the 
skin repeatedly washed with water until all the salt had been removed. 
Fat was extracted by cold treatment with light petroleum ; remaining 
soluble proteins were removed with 5 % NaCl, and the skin then washed 
free from salt and dried in acetone and air. Strips were cut 0*7 x 7*0 
cm. and the remaining wool, together with the upper grain layer, split off 
in a skiving machine. The residual material consists almost entirely of 
interwoven collagen fibres. The swelling of the collagen was determined in 
aqueous solutions of varying concentrations of NaCl, KCl, KCNS, methyl 
alcohol, ethyl alcohol, glucose and sucrose, and expressed as % increase 
in weight after 24 hr. in each solution. 

For the shrinkage temperature determinations, similar strips of collagen 
were used, each piece being soaked for 24 hours in the various mixtures, 
and the shrinkage temperature then determined in these solutions, using 
the apparatus described by Merry.The shrinkage temperature curves for 
KCNS, NaCl, CsF, Lil and formamide were taken from Kuntzel’s results.^* 

(a) The Effect of Electrolytes. 

The inverse relation between swelling and shrinkage temperature has 
been pointed out by Theis and his colleagues.^’ The effects of aqueous 
solutions of several salts on the shrinkage temperature are given by Kiintzel. 

The effect of salts on both swelling and shrinkage temperature is ob¬ 
viously strongly influenced by the position of the salt in the Hofmeister 
series. Docking and Heymann (confirming the work of Katz and col¬ 
leagues *•) have shown that with gelatin, salts with weakly hydrated 
ions, e.g., thiocyanates, are strongly adsorbed from aqueous solutions, 
while those with strongly hydrated ions, e.g., sulphates, show a negative 
adsorption. Most salts show some adsorption at low concentrations but 
negative adsorption as the concentration ’ increases, the concentration 
at the change-over depending on the position of the salt in the Hofmeister 
series. 

The effect of the weakly adsorbed salts, e.g., KCl, in promoting swelling 
and reducing the shrinkage temperature is slight. That of the strongly 
adsorbed salts, e.g., KCNS, is considerable. The strongly adsorbed salts 
reduce the strength of the salt link to such an extent that axial shrinkage 

” Merry,* 7 ./.S.L.r.C., 1945, 29, 223. 

Kiintzel, Stiasny-Festschrift, 1937, P- 

Theis and Esterley, J. Amer. Leather Chem, Ass., 1940, 35, 563. 

Docking and Heymann, J. Physic. Chem., 1939, 43, 513. 

Katz and Muschter, Biochem. Z., 1933, 3 i 57 » 3^6. Katz and Weidinger, 

1933. ^$ 9 * 191. 
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may occur according to Kiintzers figures at temperatures as low 48 20^ 
(Fig. I). 

(b) The Effect of Dielectric Properties of Solvent, 

There is a theoretical expectation that the dielectric properties of the 
solvent would affect the strength of the salt link. Experimental evidence 
bearing on the point is confusing (see Table II). If pure solvents of a 

TABLE II 



Medium. 

Temperature of Axial 
Shortening. 

Temperature of Solution. 

Dielectric 
Conetant 
at 20* c. 

X 

Water 

60® 

120® 

81 

2 

Aqueous solutions 
of acids and 
alkalies 

< 60® temperature 
depending on pn 

Owing to hydrolysis of 
the peptide li^, the 
solution temperature 
cannot be determined 


3 

Aqueous solutions 
of salts 

>60® or <60® 
depending on con¬ 
centration and 
position of salt in 
Hofmeister series 



4 

Glacial formic acid 
(pK = 3*7) 

<0® 

25 * 

47*9 

5 

ThioglycoUic acid 
(pK = 3 * 3 ) 

<0® 

20® 


6 

Lactic acid 

ipK == 3 * 9 ) 

< 15 ^^ 

20® 

19*4-23 

7 

Acetic acid 

20®-25® 

Not dissolved on boiling 

6*5 

8 

Propionic acid 

>40’’ 

II II 

3*1 

9 

Butyric acid 

45 ^ 

II 

Dissolved on boiling 

2-8 

10 

m-Cresol 

15" 

5*0 

ZI 

Formamide 

15" 

II If 

Dissolved on heating 

>84 

12 

Cuprammonium 

12® 

— 

13 

Methyl alcohol 

No effect on boiling 

Not dissolved on boiling 

35 

14 

Ethyl alcohol 

If II 

II It 

27 


neutral character are considered there is some support to be obtained^ 
as shown by the figures given below: 


Medium. 

Dielectric Constant. 

(E.S.U.) 

Shrinkage 

Temperature 

•c. 

Ethyl alcohol 

27 

>78" 

Methyl alcohol . 

35 ! 

>65** 

Glycerine 

39 

about 150® 

Water 

1 

about 60® 

Formamide 

i 

>84 

about 15® 


Obviously further work is needed, but there is a suggestion here that 
raising the dielectric constant lowers the shrinkage temperature and 
vice versk. 

Since some information is available on the dielectric constants of certain 
aqueous solutions, shrinkage temperatures obtained by experiment over 
a range of concentrations as described in the previous section were plotted 
a^nst the dielectric constants calculated from the data in the literature. 
These are shown in Fig. 2. 
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At low concentration of all solutes, the fall in the dielectric cojastant 
is accompanied by a fall in the shrinkage temperature. This may be 
attributed to adsorption 
and the accomp^ymg 
swelling. After this with 
increasing concentration 
of solute, in all the cases 
examined, a reduction 
in the dielectric constant . ^ 

of the medium was 
accompanied by a rise 
in the shrinkage temp¬ 
erature. It will be seen ^ ^ 

from Fig. 2 that for ^ 

solutes as different in 
character as KOI, glucose, 
sucrose, methyl alcohol 
and ethyl alcohol over 
most of the range the 
slope of the curves is 
similar. Though not 
final proof, this suggests ^ 

that the salt link is in- g 

fluenced by the dielectric ft 

constant. I' 

(c) The Effect of Non- 
Electrolytes. 

(i) Sugars. — Both 
glucose and sucrose ^ 

penetrate the fibre in 
a<}ueous solutions and CofKiffitrat/on of ^o/utt, moles per titrz, 

cause a considerable gain Fig. t .—Shrinkage temperature and swelling of 
in weight (Fig. 3). Over collagen in salt solutions and in formamide. 
the swelling range the 



Fig. a.—Shrinkage temperatures (from Fig. \\ plotted against dielectric constant 

of medium. 

Strength of the glucose solution which penetrated into the collagen was 
on average about 80 % of the initial concentration of sugar in each 




Shrinkaya lemperafure, Sw^flCny, Xgain in weight. 
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solution. (The sugar was determined by washing out the collagen with 
water several times, after the swollen weight had been found, finally 
squeezing the material in a vice. Glucose in the extract was estimated 
by the normal reducing method.) The effect of sugar solutions on the 
shrinkage temperature is probably due to two opposing effects, change 
in dielectric constant with change in concentration and uptake of solution 
due to swelling. As the concentration of sugar increases, swelling increases, 
with a subsequent straining of the lateral links and a corresponding re¬ 
duction in shrinkage temperature. A point is reached, however, when 
increase in concentration of the solute, causing a lowering of the dielectric 
constant, overcomes the swelling effect and the electrostatic forces of the 
salt link are strengthened by the presence of a medium of lower dielectric 




Concentration ofsujar, molu per litre. 



Fig. 3.—-Shrinkage temperature and Fig. 4.—Shrinkage temperature and swelling of 
swelling of collagen in sucrose and collagen in aqueous methyl and ethyl alcohols, 
glucose solutions. 


constant, so that the lateral salt links will become more firmly held and 
there is a rise in shrinkage temperature. 

It is perhaps significant that those reagents, e.g., glucose and KCNS, 
which cause considerable swelling, show relatively longer descending 
parts of the curves—^i.e., those parts which have been attributed to swelling, 
while a reagent such as CsF, which is only weakly adsorbed by gelatin, 
causes only a slight reduction in shrinkage temperature before pr^ucing 
the opposite effect. 

{2) Formamlde.—Formamide in aqueous solutions has considerable 
reducing effect on the shrinkage temperature (Fig. i). This is attributed 
to the high dielectric constant of formamide, which is > 84 at 20®. 

(3) Alcohols.—The swelling and shrinkage temperature curves for ^ 
methyl and ethyl alcohol appear to be somewhat confusing (Fig. 4): in 
methyl alcohol, the initial &11 in shrinkage temperature with increase in 
concentration of alcohol can be attributed to an increase in swelling. 
This is followed by a rise in shrinkage temperature as both the swelling 
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and the dielectric constant fall, although the points of maximum swelling 
and minimum shrinkage temperature do not coincide. However, the 
decrease in shrinkage temperature is comparatively small. With ethyl 
alcoho^water mixtures there is also an initial fall in shrinkage temperature 
although the swelling is decreasing in the same region. Later, as the 
dielectric constant decreases, the shrinkage temperature rises as predicted. 

(4) Phenols.—^Fused phenol (40®) and cold m-cresol, which both induce 
contraction in collagen fibres, may break or considerably weaken the salt 
link by possible hydrogen bonding between the charged carboxyl and the 
hydroxyl group of a phenol. m-Cresol is a solvent for Nylon, and there¬ 
fore might be assumed to open the direct carbimino backbone link. The 
existence of this link is possible in collagen, but whether it is frequent is 
open to doubt. 

Hydrogen Bonding in Collagen.—It is possible that the direct carbimino 
backbone link occurs in collagen, but steric considerations make its frequent 
occurrence unlikely. It wiU be influenced by the same conditions that 
are discussed below for the amide cross link. 

There is plenty of evidence that during the conversion of collagen 
to gelatin by liming, ammonia is evolved and it is also established that 
the appearance of water-soluble gelatin coincides with the evolution of 
ammonia.^* Since liming leads to a reduction in the amide nitrogen, it 
can be argued that in “ native " collagen the amide groups are involved 
in a lateral link in the fibre. It is suggested here that the amide group 
forms a hydrogen bond with a hydroxyl group, which exists in appreciable 
numbers in the collagen molecule ; hence it is suggested that the bond is 
of the amide-hydroxyl t3rpe. 

Table II shows the temperatures at which collagen shrinks and tem¬ 
peratures at which it dissolves in various reagents. Acetic, propionic 
and butyric acids, even on boiling, do not dissolve collagen, though under 
this condition they produce axial contraction about equsd to that of formic 
acid at low temperatures. It is to be noticed that the three organic solvents 
which dissolve collagen at low temperatures are not only fairly strong 
acids (pK 3*9, 3*7, 3*3 respectively) but in the cases of lactic and thiogly- 
collic acids they also have in their molecules groups which could displace 
a hydrogen bond either of the amide-hydroxyl or the hydroxyl-hydroxyl 
type 



amicte hydroxy 
aidedbain tldechain 


In considering the solution of collagen at low temperatures in a non- 
aqueous system, it is unlikely that the covalent peptide links of the main 
chain will be broken. With reference to cuprammonium it has been sug¬ 
gested by Feldman •• that considerable degradation takes place when 
collagen dissolves in this reagent, breaking occurring along the chains 
themselves as well as at the side chains. 

The behaviour of gelatin can be considered in relation to collagen^ 
Gelatin may be regarded as disorganised col^en with a reduced number 
of amide side-chain groups. Gelatin swells in aqueous acids and alkalies, 
but has internal cohesive forces of appreciable strength, which can be taken 
as evidence of cross bonds between riie disorientated polymeric molecules. 

*• Feldman, Legkaya Prom., 1943, 3 (5). 18; Amor. Ch$m. Soe., Absir., 1946, 
40»1683. 
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Gelatin is soluble in organic reagents which cause axial shrinkage in col¬ 
lagen. Hence the cohesive forces of a gelatin gel may be attributed to 
salt links rather than hydrogen bonds, though after drpng, the forces of 
cohesion are considerably increased. 

The Cross-Linkages of Elastin. 

Elastin hbres difier considerably from collagen fibres. In their natural 
** wet condition they show rubber-like physical properties.*^ The fibres 
in the dry condition are rigid, the molecules adhering through general 
van der Waals forces. The dry fibres, however, swell in methyl and ethyl 
alcohol, showing that their average pore size is similar to the pore size 
of collagen. 

Elastin swells considerably in formamide and in formic, acetic, thio- 
glycollic and lactic acids and in fused phenol. The swelling occurs simul¬ 
taneously in three dimensions,* resembling unstretched Nylon, which is 
indirect evidence of the absence of complete molecular orientation in the 
fibre. 

Elastin is insoluble in the strong base cuprammonium even on boiling, 
and in all the other solvents examined during this work, including boiling 
♦n-cresol. It should be noted that the sheath of the elastin fibre is much 
more resistant than the core. Trypsin digests elastin—^the core first 
breaks into short cylinders, which later contract into droplets and remain 
for some time held in the sheath before the whole fibre disintegrates. 

An examination of the amino-acid constitution of elastin suggests that 
of the side chains present not more than about i in 30 is polar (Table I). 
This high propoition of non-polar side chains would account for the rubber¬ 
like properties of elastin, since the number of possible cross bonds would 
be too few to hold the molecule in an extended form. 

As regards the cross bonds possibly present, since the proportion of 
glycine and proline residues in the molecule are about the same as in 
collagen, the formation of the direct backbone link is probably limited, as 
in collagen, by spatial considerations. As regards possible salt links, the 
chemical constitution, as far as it is known, suggests an absence of basic 
and acidic side chains. This absence of these groups is confirmed by the 
observation of Roddy and O'Flaherty ** that chrome tanning liquors 
which transform collagen and reticulin fibres into leather are ^\ithout 
effect on elastin fibres, Atkin ** having shown that the first stage of chrome 
tanning is a coupling of the collagen fibre and the basic chrome tanning 
complex through the carboxyl groups of the collagen. 

In connection with the possible cross bonds in elastin through the 
side chains, Roddy and O'Flaherty ** have shown that elastin prepared 
from the ligamentum nucha, dried and ground in a Wiley mill, shows some 
swelling in acid solutions, though less than that shown by reticulin and 
much less than that shown by collagen, and also some swelling in alkaline 
solutions which is intermediate in extent between reticulin and collagen 
(except at p's. 12). 

The rubber-like nature of elastin is confirmed by X-ray examination. 
Astbury reports that elastin fails to show any sign of orientation, though 
on stretching a few indications of such appear. Elastin may therefore 
be regarded as a protein fibre which normally exists in the “ super- 
contracted " or rubber-like condition, i.e. with considerable lengths of 
the long molecules free from cross-bonding, hence lying in disordered con¬ 
figuration, but with a few cross bonds maintaining the structure as in 
lightly vulcanised rubber. 

W6hli8ch, Weitnauer, Grtinung and Kohrbach, Kolloid- Z., 1943, 104, 14. 

*• Roddy and O'Flaherty, J, Amer. Leather Chem, Assoc., 1939, 3^ 671. 

*• Atkin (private communication). 
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Elastin and lightly vulcanised rubber, however, differ in one important 
respect—^the rubber molecule consists only of carbcm and hydrogen, and 
under the forces of shear is self-lubricating. The backbone of the elastin 
molecule contains both oxygen and nitrogen atoms, with their potential¬ 
ities for forming hydrogen bonds and with residual forces arising from the 
polar character of the peptide link. The elastin molecule, therefore, is 
not self-lubricating, but requires the presence of water or some other polar 
solvent for its rubl^r-like properties to become apparent. 

Th authors are indebted to the Chairman and Council of the British 
Leather Manufacturers' Research Association for permission to publish 
this work. 

Summary. 

1. The relation between the chemical constitution of the protein fibres of 
silk fibroin, collagen and elastin and the chemical nature of the solvents which 
produce radial swelling, axial shrinkage and solution, is considered. 

2. The fibres are held together by lateral bonds of several chemical types. 
The swelling ol the fibres in organic solvents is due to a straining or rupture of 
some of the t3rpes of lateral links ; the production of axial shrinkage is due to 
the breaking of at least one type of cross bond, thus allowing the molecules to 
shorten with a corresponding gain in entropy. If other kinds of lateral links 
are left intact, the solvent will produce only axial shrinkage, accompanied by 
rubber-like extensibility. Solvents which break all types of lateral bond cause 
solution of the protein. 

3. In fibres of silk fibroin the two t3rpes of lateral bond are the direct car- 
bimino backbone link and a hydroxyl-hydroxyl link through the serine side 
chains, the former being opened by formic acid and both by cuprammonium. 

4. In collagen fibres there appear to be (i) a more labile salt link, (ii) one 
(or more) more resistant hydrogen bonds. The salt link can be broken : {a) by 
displacement of a non-diffusible ion or by a diffusible ion or a co-ordinate group ; 
(b) by reagents which cause considerable swelling of the fibres ; (c) by an increase 
in the dielectric constant of the medium penetrating the fibre. 

The relationship between dielectric constant, shrinkage temperature and 
swelling of collagen in various aqueous mixtures is discussed. The hydrogen 
bond type can be broken by certain organic reagents such as w-cresol, formamide, 
formic acid, lactic acid and thioglycollic acid, all of which can dissolve the fibre. 

5. In the elastin fibre the presence of a high proportion of long non-polar 
.side chains limits the possibilities of the formation of lateral bonds and this fibre, 
normally exists with the backbone in random configuration. Since elastin is 
insoluble in many collagen solvents it must be bonded by a few cross bonds of 
high resistance, the chemical nature of which is as yet unknown. The sheath 
of the elastin fibre is much more resistant than the core. 

British Leather Manufacturers* Research Association, 

London, S.E,i. 


HYDROTROPY, SOLUBILISATION AND RELATED 
EMULSIFICATION PROCESSES. 

PART V.—SOLUBILISATION IN ETHYLENE 
GLYCOL. 

By P, a. Winsor. 

Received xith February, 1947; as revised $th June, 1947. 

In earlier papers the theory and classification of solubilised systems 
given in Part I has been illustrated with examples of the mutual solubil¬ 
isation of water and water-insoluble organic liquids by means of a variety 
of amphiphiles. In the present paper examples are given showing that. 
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as already indicated in Part I, the generalisations which have b 6 en ap^ed 
to water>solubilised 83rsteins are applicable, with only slight modifications, 
to solubilisation in ethylene glycol. 

For a given amphiphile C and a given organic liquid O the ratio R 
{ct Part I) appears to be probably less (because -/ 4 ow is greater) when 
W is ethylene glycol than when W is water. Corresponding to this, 
an amphiphile and organic liquid which under given conditions give a 
Type IV or Type II system with water may give a Type I system with 
ethylene glycol (cf. Example A (i) below). 

There is an important exception to the general correspondence in 
behaviour between water-solubilised and glycol-solubilised systems. 
This is that in the glycol systems no discontinuity within the Type IV 
region has yet been observed and the production of a gel, even using 
conditions found most favourable for the production of gels in aqueous 
S3^tems, has not been realised in the present work. Nor is any case of 
the production of such a gel recorded in the recent paper of Palit and 
McBain.^ 

If the production of a gel is related to the presence of the lamellar 
micelle (for which R cm) sls suggested in Part I, it possibly arises through 
resistance to shear parallel to the planes of the layers, in both O and W 
layers of the “ sandwich '* (Part I, Fig. 3). In lamellar micelles containing 
water and glycol respectively the resistance to shear in the O layers might 
be expected to be similar in both cases. The resistance to shear in the 
W-layers would, however, be expected to be different in the respective 
cases on account of differences in the strengths and directions of hydrogen 
bonding of water and ethylene glycol. If this were the origin of the 
difference in gelling tendency in water- and glycol-solubilised systems, 
it would indicate that the resistance to shear is greater with water than 
with ethylene glycol. In view of the pseudocrystalline structure with 
tetrahedral co-ordination which Fowler and Bernal * attribute to water, 
this would not be altogether unexpected. 

In line with the above suggestion, it seems possible that the reduction 
in the gelling tendency in certain water-solubilised systems that is brought 
about by the introduction of inorganic salts (cf. Part IV, Tables VI and 
VII) may arise, in part at least, through a consequent reduction (or 
interruption) of water-to-water or water-to-amphiphile hydrogen bonding 
in the W layers of the lamellar micelles. Also the reduction of Aow 
which is produced by added inorganic salts in both water- and glycol- 
solubilised systems (Method I {d)), may be due to an effect of the inorganic 
salt in reducing the strength of hydrogen bonding between C and W. 
The effect of inorganic salts on hydrogen bonding in water is, however, 
not very clear.* 

The particularly strong tendency to gelation which occurs in water- 
solubilis^ systems containing i-alkanols in conjunction with alkane-i 
salts (P^ IV) is possibly associated with an increased resistance to shear 
in the O-layers of the lamellar micelles. It does not seem likely that 
^is combination could much affect the resistance to shear within the 
W-layers of the lamellar micelles. 

The very close analogy between solubilisation in water and solubilisa¬ 
tion in ethylene glycol makes many of the conclusions reached by Palit 
and McBain in their recent paper ^ on the effect of soaps on the mutual 
solubility of organic liquids, applicable with only slight modifications to 
water-soiubilised systems. Their conclusions are in close harmony with 
the more general views given in the present series of papers. In Fig. 3 

» Palit and McBain, Ind, Eng, Ch^m,, 1946, 38, 741. 

, iv * Fowler and Bernal, Trans, Faraday Soc,, 1933, ao, 1049. 

" * Butler, Ann, Reports, 1937, 34 t 90. 
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of FaHt and McBain'9 paper, the lower curve and tie-lines represent a 
case of the t5rpical behaviour shown in Type I systems. The increase in 
effectiveness of the sodium soaps as mutual solvents for benzene and 
propylene glycol with increase in the number of carbon atoms in the 
soap, is a particular example of the increase in solubilisation in T5rpe I 
systems (R < i) brought about by increasing the lipophilic solvent 
af&nity of the amphiphile (cf. Part I of the present series, Method I (c)}. 
The analogous case for benzene and water has recently been reported by 
Durand.* 

It may be emphasised here that the mutual solvent in both water- 
and glycol-solubilised systems, is not the solid unsolvated soap, but the 
liquid complex produced in the presence of the two immiscible liquids on 
solvation of the lipophilic and hydrophilic radicals of the soap molecule 
by the lipophilic and hydrophilic liquids respectively. When this point is 
borne in mind the apparent contradiction mentioned by Palit and McBain 
between the effect of soaps on benzene-propylene glycol systems and the 
commonly accepted point of view on mutu^ solvents, disappears. The 
aspect of the amphiphile as a mutual solvent is rather sti^ngly illus¬ 
trated in water-solubilised systems by the production of three-phase. 
Type III systems (cf. Parts I and IV). Such systems may also be ob¬ 
tained with ethylene glycol in place of water as shown in Example C (ii) 
below. 

Experimental. 

The ethylene glycol used was a middle fraction obtained on vacuum dis¬ 
tillation of a pure grade of ethylene glycol. Examples are given below involving 
solubilisation in glycol systems containing 

(a) Aerosol OT (sodium sulpho-dioctyl succinate). 

(b) Tetradecane-i sodium sulphate. 

(c) Undecane-i ammonium chloride. 

(A) Solubilisation in Ethylene Glycol with Aerosol OT. 

While with excess of water a 20 % (wt./total vol.) solution of Aerosol OT 
(water content below i %) in benzene gives a Type II system, with excess ethylene 
glycol a Type I system is produced. Thus at room temperature {19° c.) with 
20 cc. of a 20 % solution of Aerosol OT in benzene and 6 cc. of ethylene glycol 
a system is obtained with upper (benzene) layer (6 cc.) and lower (glycol- 
solubilised) layer (20 cc.). Such Type I systems may be converted into Type IV 
systems by the standard methods of Part I. 

(i) Effect of Added Water .—Addition of water to a glycol Type I system is a 
case of the addition of a W-soluble component which reduces .^ow and thus 
increases R, It is analogous to the addition of an inorganic salt to an aqueous 
Type I system (Method 1 (d)) and produces an analogous effect. This is shown 
in Table I. 

TABLE I. —^The Effect of Alternate Addition 
OF Glycol and Water to 20 cc. of a 20 % (wt./ 

TOTAL Vol.) Solution of Aerosol OT in 
Benzene. 


Vol. olGlyool 
Added (cc.). 

Vol. of Wster 
Added (oc.). 

Coodition of System 

< 5-35 

0 

Clear solution (S^ sol) 

5’35 

5*35 

0 

0*4 

Type I system 

Clear solution 

6-15 

6 'I 5 

0-4 

0-5 

Type I system 

Clm solution 

6*50 

6*50 

0*3 ^ 

07 

^ Type I system 

Qear solution 

675 

07 

Type I system 


* Durand, Compt, rend., 1936, aa3» 898. 
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(ii) Effect of an Alkanol not completely Miecible with Effiylene Glycol 
(Method I (b)) and of Sodium Sulphate Method 1 (cf))* —Bt^lene glycol 
was shaken ovexiiight with an excess of anhydrous sodium sulphate. The resulting 
solution was found to contain 0*44 g. sodium sulphate per 100 cc. 10 cc. portions 
of this solution and of pure ethylene glycol respectively were mixed with 10 cc. 
portions of an anhydrous solution of Aerosol OT in benzene (25*9 % wt./total 
vol.). The comparative behaviour of the two mixtures on gradual addition of 
lauryl alcohol at 20° c. is recorded in Table II. 

TABLE II. 


Vol. Lauryl 
Alcohol 
Added (cc.). 

System without 

So^um Sulphate. 

System containing 

Sodium Sulphate. 

0 

Type I system (excess benzene 
4-3 cc.) 

Type I system (excess benzene 
4*1 cc.) 

070 

Still Type I system 

Clear solution 

0*90 

Clear solution 

Clear solution 

1*5 

Clear solution 

Solution just breaking down to 
Type fl system. Clear on 
shaking, clouds on standing 

3*0 

Clear solution 

Type II system. Two clear 
layers. Lower layer 3*0 cc. 

41 

Solution just changing to Type 
II system. Clear on shaking, 
clouds on standing 


4*5 

Type II system. Two clear 
layers. Lower layer 1*0 cc. 



The results in Table II show that the effect of the sodium sulphate is here 
exactly analogous to its effect in water-solubilised systems. The table also 
provides examples of the phenomenon of mechanically reversible homogeneity 
in a glycol system. This phenomenon, the nature of which was discussed in 
Part I, is frequently observable in both water- and glycol-solubilised systems at 
points where two-phase systems are about to pass into systems of a single phase. 

(B) Solubilisation in Ethylene Glycol with Tetradecane-1 

Sodium Sulphate. 

Analytically pure tetradecane-i sodium sulphate was prepared from pure 
n-dodecyl chloride via the Grignard reaction wili ethylene oxide and sulphation 
with chlorosulphonic acid. 

It was found in Part IV that the strongest tendency to gel in water-solubilised 
systems occurs in those containing an allmnol-i in conjunction with an alkane-i 
salt as amphiphlle. In the following experiments using tetradecane-i sodium 
sulphate, and in those described in the succeeding section using undecane-1 
ammonium chloride, attempts were made to obtain gels in a glycol-solubilised 
system. 

5 cc. of ethylene glycol, 5 cc. of cyclohexane and i g. of tetradecane-i sodium 
sulphate were mixed together. On warming, the sodium alkyl sulphate dissolved 
mving a Type I system from which it recrystallised on cooling. If lauryl alcohol 
(1.35 cc.) was added to the mixture prior to crystallisation a clear solution was 
obtainable at 20° c. Further addition of lauryl alcohol did not give a gel but 
clear solutions were produced with all proportions (cf. the cyclohexane, octanol-i, 
aqueous sodium isobutyrate systems. Part IV). 

(C) Solubilisation in Ethylene Glycol with Undecane-1 Am¬ 

monium Chloride; the Effect of Calcium Chloride. 

(i) To mixtures of 5 cc. cyclohexane, 5 cc. ethylene glycol and 1*5 g. undecane-x 
ammonium chloride (Part IV) lauryl alcohol was gradually added. The 
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behaviour observed in the presence of o, 0*2 and 0*4 g. of added CaCl| is shown 
in Table III. 


TABLE III. 


Calcium Chloride Added (g.). | 

1 ^ 

0*3 

0*4 


Vol. LaurW Alcohol (cc.) Required to give Syitemi 
Described in Left-hand Column. 

Type I . . . . 

<1*6 

mm 

<0*85 

Clear solution . 

1*6 


0*85 

Type II . 

Solution miscible 
with lauryl 
alcohol 

m 

0*95 


This behaviour is analogous to that recorded in Part II, Table IV, illustrating 
the effect of sodium sulphate on solubilisation in an aqueous system. The ab¬ 
sence of gelation in these systems compared with the marked gelation in aqueous 
systems containing undecane>i ammonium chloride and an alkanoLi (cf. Part 
IV, Table IX) is noteworthy. 

(ii) As suggested by the trend of the figures given in Table III, three-phase 
(Type III) systems can be produced in glycol-solubilised systems just as in water- 
solubilised systems. Thus at room temperature a mixture of 5 cc. ethylene 
glycol, 10 cc. cyclohexane, i-o g. undecane-1 ammonium chloride and o-8 g. 
calcium chloride gave : 

(a) with 0*3 cc. lauryl alcohol a Type I system (lower layer 9-0 cc.) ; 

(b) with 0*35 cc. lauryl alcohol a T5rpe III system (lower layer 4*4 cc., middle 
layer 5*6 cc., upper layer 6*8 cc.) : 

(c) with 0*40 cc. lauryl alcohol a Type II system (lower layer 4*5 cc.). This 
behaviour is analogous to that shown for an aqueous system in Table II, 
Part II. 

If lauryl alcohol is added to a mixture of 5 cc. of ethylene glycol, 10 cc. of 
cyclohexane and i g. of undecane-1 ammonium chloride in the presence of only 
0'4 g. of CaCl| neither a Type III system nor a clear solution is obtained, but the 
behaviour is apparently similar to that recorded in Table III, Part II. As in 
that case there is a gradual transition from a Type I to a Type II system and in 
the cour.se of this transition the conjugate phases show opalescence and extremely 
low inter facial tension. Such opalescence effects in solubilised systems are 
probably in the nature of critical opalescence effects due to incipient separation 
of a single phase into two phases,*"^, cf. however.® 

Summary. 

The analogies existing between solubilisation in ethylene glycol and solubil¬ 
isation in water are discussed. The significance of the occurrence of gelation 
in water-solubilised systems and its absence in comparable glycol-solubilised 
systems, is considered. 

® Smoluchowski, Attn. Physik,, 1900, 33, 1275. 

• Freundlich and Kruger, Biochem, Z., 1929, 205, 186. 

’ Lindau, Naturwiss., 1932, 20, 396. 

• Me Bain, et of., J. A met. Chem. Soc., 1941, 63, 670. 


PART VI.—EFFECT OF TEMPERATURE ON THE 
SOLUBILISATION OF LIQUIDS. 

Received 11th February, 1947;^ as revised $tk June, 1947. 

In earlier papers the importance of the magnitude of the expression 
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in determining the condition of solubilised, or partis^y solubilised, systems 
has been described. In this expression O and W signify respectively 
mutually saturated non-miscible organic liquid (single compound or 
mixture) and aqueous liquid (water or inorganic salt solution). AoS 
denotes the total intermolecular solvent attraction, in the solubilised i^ase, 
between the amphiphile C and O and may be considered as being made up 
of the sum of the lipophilic (Ai^) and hydrophilic (Aff^^) solvent 

attractions existing between O and C. Acw, ^icw 

responding meanings with respect to C and W. 

The effect of change of temperature on solubilised S3rstems may be 
reg^ded as operating in part through changes in the simple miscibility 
of O and W apart from C and also through changes in the relationships 
existing between the various factors in the expression for JR above. The 
second mode of operation will clearly be partially dependent on the first 
since this will give rise to changes in the composition of O and W. 

Although precise means of measuring R are as yet not available, the 
correlation between the various conditions of a solubilised system and 
changes in R has been described in Part I. The present communication 
describes an attempt to determine if any generalisations concerning the 
effect of change of temperature on R, are possible. From the experi¬ 
mental results below it seems that it is not possible to say more than that 
in a variety of solubilised systems, rise of temperature appears to diminish 
R more often than to increase it. Considering the problem a priori, 
this variability of the temperature effect is not surprising in view of the 
variety of temperature-solubility effects observed even in binary liquid 
s)rstems. It is important to note, however, that in whichever way it 
may operate, the effect of change of temperature on solubilisation is 
frequently very great indeed. 

The experimental method adopted in the present work was to observe 
the effect of temperature change on mixtures which have been brought 
to the point where a Type I system has just passed into an sol or where 
an S, sol is just passing into a Type II system. Under these conditions a 
reduction of R produces heterogeneity through separation of a free organic 
phase in the first case, while an increase in R produces heterogeneity through 
separation of an aqueous phase in the second. A sufficient increase in 
R in the first case, that of the S| sols, may give rise to the sequences of 
changes, Sj -► G S, T3rpe II system, described in Part I. A reduction 
of R in the second case, that of the Sg sols, may lead to the reverse series 
of changes S, G S, -► Type I system. 

Some observations • on the effect of temperature change on ** satur¬ 
ated ** solutions of organic liquids in soap solutions, have already been 
recorded in the literature but in these cases the distinction between 
saturation at the points where Type I or Type II S3r8tems are respectively 
produced, was not recognised. If the examples there given are re-examined 
in the light of the present views, it appears probable that in these cases, 
increase in temperature corresponded to a reduction in R. On the other 
hand three instances where the reverse relationship has been found, have 
already been recorded in Part III of the present series, the solubilising 
agent being a mixture of sodium secondary c^lhyl sulphates. 

Results and Discussion. 

Three series of examples are riven here of the effect of temperature on the 
solubilisation of certain organic liquids or liquid mixtures with (r) a mixture 
of sodium secondary alkyl sulphates, (2) sodium soaps and (3) sodium 

»L^ter Smith, J, PfyHc, Ch0m., 1932, 36,140X, 1672, 2435. 

‘McBain, /. Anurr, Chm. Soc„ 1944, 60, 13. 
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phenate, Hie organic liquids used were of " pure ** grade and» since the experi* 
menta were designed to be of a qualitative rather than an exactly quantitative 
character^ these were not purified further. 

As already stated, rise of temperature most frequently produces a reduction 
of R. The results for which the opposite relationship holds are indicated by an 
asterish. It will be noticed that these are mainly among the results obtained using 
the more concentrated sodium alkyl sulphate solution S. It was with this 
solution that the temperature effects recorded in Part III,* on the solubilisation 
of octanol>4, fi-butyl acetate and methyl fsobutyl ketone and which also 
indicated an increase of R with rising temperature, were obtained. 

(n Effect of Temperature on SolubiUsaflon with Sodium Secondary 
Cio-GieAikyl Sulphates.—To mixtures of equal volumes of organic liquid and 
an aqueous solution of a mixture of sodium secondary Cio’Cit alkyl sulphates of 
various concentrations, cyclohexanol or «-octylamine were added until the system 
was at the stage of (a) a clear sol Sj, o^anic liquid just solubilised, (6) an S* sol 
just clouding and commencing to precipitate an aqueous phase. The effects of 
warming and cooling on mixtures at these points were then noted and are 
recorded in Tables I, II and III, 

TABLE I.— ^Amphiphile Solution contains 23*9 g. Sodium Secondary 
Alkyl Sulphates and 7*1 g. Sodium Sulphate per ioo cc. 

(Solution S, Parts II and III.) 


Initial State 
of System. 

Organic 

Liquid. 

Petroleum Ether 

(b.p. 65-95 *'€.). 

Xylene. 

Carbon Tetrachloride. 


Additive 

Cyclo- 

bezanol 

♦•-Octyl- 

amine 

Cyclo- 

hezanol 

♦•-Octyl 

amine 

Cydo- 

bexanol 

♦•-Octyl- 

amine 

Organic 

liquid 

just 

Cooling ^ 

Clouds* 

Clouds • 

Gouds * 

Clouds * 

j 

Gouds* 

Clouds * 

solubilised 

(a) 

Warming 

i 

Gels* 

Clear* 

Clouds 

Gouds 

Clear* 

Gear* 

Aqueous 
phase just 

Cooling 

Gears * 

Cloudy 

Clears * 

Cloudy 

Gears * 

1 

Cloudy 

precipitat” 
ing {b) 

Warming 

Cloudy • 

Clears 

Gears 

Clears 

Cloudy * 

Clean 


TABLE IL— Amphiphile Solution contains 14*0 g. Sodium Secondary 
Cjo-Gia Alkyl Sulphates and 4*2 g. Sodium Sulphate per 100 cc. 


Initial State 
of System. 

Organic 

Liquid. 

PetroieUni Ether 
(b.p. 65-95» c.). 

Xylene. 

Carbon 

Tetrachloride. 


Additive 

Cyclo- 

n-Octyl- 

Cydo- 

♦•-Octyl- 

Cydo- 

♦•-Octyl- 


hexanol 

amine 

hexanol 

amine 

bmcanol 

amirw 

Organic 

liquid 

Cooling 

Clear 

i 

Clouds* 

Gear 

Clouds * 

Clear 

Clouds* 

just 

lolubiliied 

(a) 

Warming 

1 Pet, ether 
separates 

Clouds 

nearhp. 

Xylene 

separates 

Clouds 

cd» 

separates 

Gouds 

* 

# 

Aqueous 
phase just 

Cooling 

Goudy 

Cloudy 

Cloudy 

Goudy 

Goody 

Goudy 

precipitat¬ 
ing W 

Wanning 

Gears; 
then pet. 
ether 

separates 

Gears; 
then gels 

Cl^; 

then 

xylene 

separates 

Gears; 
re-cloudi 
at h.p. 

Geaxf 

Clean; 
gels nr. 
b.p. 
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TABLE III.— Amphiphile Solution contains 14*0 g. Sodium Secondary 
Cjo-Qi# Alkyl Sulphates and 7*1 g. Sodium Sulphate per ioo cc. 


Initial State 
of System. 

Organic 

Liquid. 

Petroleum Ether 
(b.p. 65-95® c.). 

Xylene. 

Carbon 

Tetrachloride. 


Additive 

Cyclo¬ 

hexanol 

#|.Octyl- 

amine 

Cyclo¬ 

hexanol 

«-Octyl- 

amine 

Cyclo¬ 

hexanol 

»-Octyl- 

amine 

Organic 
liquid just 

Cooling 

Clear 

Clouds • 

Clouds • 

Clouds • 

Clouds • 

Clouds • 

solubilised 

(») 

Wanning 

Pet. ether 
separates 

Clouds 

Xylene 

separates 

Clouds 

Clouds 
at b.p. 

Clouds 

Aqueous 
phase just 

Cooling 

Clears 
at 0* c.* 

Cloudy 

Cloudy 

Cloudy 

Cloudy 

Cloudy 

precipitat¬ 
ing (6) 

Warming 

Clears then 
pet. ether 
separates 

Clears then 
gels and i 
finally i 
re-thins 

clears then 
xylene 
separates 

Clears 

Clears 

Clears 


( 2 ) Effect of Temperature on Solubilisation with Sodium Pelargonate, 
Sodium Laurate and Sodium Oleate.—Solutions of sodium pelargonate. sodium 
laurate and sodium oleate (all 10 % wt./total vol.) gave Type I systems with excess 
cyclohexanone and Type II systems with excess cyclohexanol. The maximum 
volumes of cyclohexanone and cyclohexanol which 10 cc. of these 10 % solutions 
would dissolve at room temperature (i8® c.) were found, a slight excess was 
added and the effect of temperature on these mixtures was noted. The results 
are recorded in Table IV. 


TABLE IV. 


xo % Sodium Soap Solution. 

Pelargonate. 

Laurate. 

Oleate. 

Cyclohexanone dissolved (cc.) . 

4'2Q 

3 * 9<1 

3.69 

Cyclohexanol dissolved (cc.) 

I5 *oPR 

9'8»9* 

4»2PQ* 


P, clarifies on warming ; Q, clarifies on cooling ; R, temperature effect small. 


On warming the mixtures containing cyclohexanone and 10 % pelargonate 
or laurate, ketone separated. The sodium oleate solution became slightly more 
heterogeneous at first but redissolved the ketone near the boiling point. The 
mixtures containing cyclohexanol solubilised with sodium laurate cleared both 
on cooling or wanning. In these cases therefore, which are Type II systems, 
there must be a minimum solubility and maximum /? at about 18® c. 

It will be noted that at room temperature the amount of organic liquid 
solubilised per mol soap increases with the molecular weight of the soap 
in the Type I systems (cyclohexanone) and diminishes in the T5pe II systems 
(cyclohe^nol). This is in agreement with Methods I (c) and II (c) of the classi¬ 
fication given in Part I. 

(3) Effect of Temperature on Solubilisation with Sodium Phenate.— 

With excess cyclohexanol or cyclohexanone a I4'5 % (wt./total vol.) sodium 
phenate solution gave Type II and Type I systems respectively. At 20® c., 40 cc. 
of the sodium phenate solution became cloudy with 1*5 cc. cyclohexanol or 7*5 cc. 
cyclohexanone but, as would be expected, dissolved much more of suitable 
mixtures of these two, e.g. 10 cc. cyclohexanol, 29 cc. cyclohexanone. The 
T3q)e II system with 1*5 cc. of cyclohexanol became homogeneous on warming 
and at 85® c. a clear s^ution could be obtained with 3 cc. of cyclohexanol. 
The Type I system, with 7*5 cc. cyclohexanone, separated cyclohexanone on 
wanning but clarified on cooling and at 1*5® c. a clear solution was obtained 
with 15 cc. of cyclohexanone. 
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Summary. 

Tlie significance of temperature efiects on solubilised systems in relation to 
the ratio R is discussed, and examples are given illustrating the large effect of 
temperature on certain of these systems. 

PART VIL—SOLUBILISATION OF SOLIDS, FREEZ- 
ING POINT DEPRESSION EFFECTS IN SOLU¬ 
BILISED SYSTEMS. 

Received 12th March, 1947; as revised $th June, 1947. 

On solubilisation of a solid compound O the change of state 
solid -► liquid 

(crystalline O) (solubilised or dissolved O) 
occurs, the latent heat of fusion opposing the change. The ease of solubil¬ 
isation of a solid compound would therefore, other things being equal, be 
expected to be considerably less than that of the same compound existing 
as a super-cooled liquid in the absence of crystal nuclei, or than that of 
a closely related liquid compound. A gradual increase in the ease of 
solubilisation of a solid as its melting-point is approached followed by a 
greater increase near its melting-point, would be expected. Also, since 
the mutually solubilised species are such as show high i^sitive deviations 
from Raoult's law, relatively high temperature coefficients of solubility 
might be anticipated.^ 

In earlier papers the factor R = Acol-^cvr has been shown to exert 
a large effect on the solubilisation of liquids. In the case of the solu¬ 
bilisation of a solid, R will still afiect the capacity of the solubilised phase 
to take up liquid O without appearance of a second liquid phase but, 
due to the counter tendency of O to be redeposited on its crystal lattice, 
the amphiphile solution will not dissolve O to the limit of its capacity to 
take up liquid O. 

These considerations are important in discussing the variation in the 
solubility of solid bodies, e.g. dyes, in amphiphile solutions with tem¬ 
perature. salt content, etc. The solubilisation of solid, coloured bodies 
has already been extensively studied by Hartley * and by McBain and 
co-workers. 


Experimental Results and Discussion. 

(a) Effect of Temperature on tl|e SolubiUty of Solid Organic Compounds 
in Aqueous Amphiphile Solutions. 

The following two examples illustrate certain of the principles regulating the 
effect of temperature on the solubilisation of solid organic compounds in aqueous 
amphiphile solutions. 

(1) Solubility of Thymol in a 7*5 Sodium Pelargonate Solution.— 

With 5 g. of thymol (freezing point when saturated with water (about 2*5 %) 
39*7° c.) 60 cc. of a 7*5 % solution of sodium pelargonate gave a clear solution at 
40® c. More thymol gave a Type I system. On heating the clear solution, liquid 
ffi3rmol separated at 50® c., the solution becoming clear again on cooling. This is 
in accordance with the fairly general phenomenon of reduction of solubilisation in 
Type I systems on heating (cf. Part VI). On cooling to room temperature 
in the absence of crystals, the solution remained clear indefinitely but on seedmg 
with thymol, 2*9 g. of thymol slowly crystallised out. On cooling the mother 
liquor to o® c. additional thymol crystallised but this slowly redissolved on 
warming the mixture to room temperature. 

^ Hildebrand, Solubility (2nd Ed., 1936), p. 55. 

* Hartley, J. Chem, Soc,, 1938, 1968; for farther references and discussion 
see McBain, Advances in Colloid Science, Vd. I (Interscience Publishers, Inc., 
New York, 1942), p. 127. 
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In thia example we have a system which dissolves increasing quantities of 
liquid thymol with falling tem|>erature, but below the freezing point of thymol 
saturated with water, crystallisation occurs on seeding and me solubility of 
the solid diminishes with fall of temperature. The type of behaviour shown 


A, solubility of liquid O in amphiphile solution. 

B, solubility of super-cooled liquid O, 

C, solubility of solid O. 

Temperature 

Fig. I. 

( 2 ) Solubility of Thymol In Sodium Th3n:Mte Solution.—A homogeneous 
solution was prepared (at about 40® c.) containing 10*9 g. thymol, 4*6 g. sodium 
th3nmate and 8*o g. water. Further addition of water gave a Type II system. 
The original solution remained clear on warming. On cooling in the absence 
of thymol crystals, it became cloudy at 5® c., clearing again above this tem¬ 
perature and remaining clear indefinitely at room temperature. This is in 
accordance with the fairly general phenomenon of increase in solubilisation 
in Type II systems with rise of temperature (Part VI). On seeding this 
solution at room temperature, the bulk of the thymol slowly crystallised out 
as very large crystals. On warming to 40® c. these crystals redissolved. On 
seeding, crystals tended to separate from the solution at 39® c., i.e. at a tem¬ 
perature about I® below that of the freezing point of thymol directly saturated 
with water. This example and the foregoing both indicate the low solubility 
of solid as compared with supercooled liquid thymol in solubilised " pre¬ 
parations. 

The results illustrate the point that the solubility of a solid compound in an 
amphiphile solution is limited not so much by the capacity of the solution to 
accommodate the (liquid) compound as by the tendency of the dissolved com- 
poimd to redeposit on its crys^ lattice. This tendency diminishes with rise of 
temperature, and it may be this effect rather than any significant change in 
the solvent properties of the amphiphile solution, which occasions the increase 
in solubilisation of many dyes with rise of temperature recorded by McBain.* 
Concerning the direct effect of change of temperature on the inherent capacity 
of the amphiphile solution to accommodate (liquid) dye, this would be expected 
to be increased or diminished according to whether the effect of the temperature 
change were to bring the ratio R nearer to or further from unity. 

(6) Effect of added Salts on the Solubilisation of Solids. 

The free energy decrease on adding a small definite additional quantity of 
super-cooled O to a series of aqueous amphiphile C solutions of fixed amphiphile 
concentration, but of various inorganic salt contents, will probably be a maximum 
for that salt concentration which leads to a value of « i, bemuse it is under 
this condition that C produces the maximum increase in mutual solubility of 
O and W (cp. Part 1 ; also e.g. Part IV, Fig, i). 

If the transfer of the saxne definite quantity of crystalline O to these amphi- 

g hile solutions is considered, the free energy decrease will be made up of the 
‘ee energy of solution of liquid O as before, minus the free energy of lattice 
formation (a constant). The total free energy decrease will be less thiM r in the 
case of the solution of super-cooled liquid O, but will still be maximum when « z. 
This argument is over-simplified but it indicates that in cases where R is initially 
less th^ z, the addition of an inorganic salt to an amphiphile solution should 
at first increase and then diminish its power of solubinsing a solid. This be¬ 
haviour has been found by McBain ei al, m the case of the solubilisation of certain 
dyes.<.• 

In casfs Where R is initially more than x, added salt would be expected only 
to decrease the solubilisation of the solid. This may be the case in McBaln^ 

* McBain, Ind. Eng, Chem,, Z942, 34, 9x9. 

* McBain, ibid,, p. 9x5. 

* McBain, ei ai,, J, Physic, Chem,, X942, 46, xo. 

* idem,, J, A mer, Chem, Soc,, Z944, 66, 9. 


here is illustrated in Fig. z. 


Solubility 
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experiniAntg oa the solubilisation of Yellow AB in o*i n. sodium d^xycholate 
solutions.^ It may be noted that if the lipophilic character of sodium cholate 
is sufficiently increased by its conversion to sodium dehydrocholate, it loses 
its solubilising power for this dye.^ On the basis of these views, addition^ of 
ethylene glycol or of ethyl alcohol (which exerts the reverse effect to the addition 
of inorganic salts on the ratio if) might be expected to increase the solubilisation 
of Yellow AB with sodium deoxycholate or sodium dehydrocholate and also 
possibly that of azobenzene with potassium dioctyl oxybenzene sulphonate.* 
These would be interesting experiments to make. 

(c) Freezing Point Depression Effects in Solubilised Systems. 

Work on the depression of the freezing point of water by isooctane solubilised 
with sodium oleate has already been carried out by Johnston and McBain who 
obtained very small depressions • and Palit has shown that the freezing point 
of benzene is not appreciably lowered by water solubilised with electrolytic 
detergents.^® Certain additional aspects of the typical behaviour shown are 
illustrated by the following examples. 

(3) Depression of the Freezing Point of Cyclohexanol by Water.— The 

sample of cyclohexanol used in the following experiments was of " pure grade, 
but was not further specially purified. On cooling it commenced to crystallise at 
19® c. 

To 10 cc. of this cyclohexanol. water was added up to saturation (1*2 cc.). 
The mixture obtained crystallised on cooling to - 7® c. and remelted on warming 
to — 5® c. To cyclohexanol (10 cc.) was added a solid fraction (i g.) of a mixture 
of sodium Cio-Ci, secondary alkyl sulphates (isolated from the commercial product 
Teepol of Messrs. Technical Products Ltd.), followed by water (2 cc.). A clear 
solution resulted. On cooling to — 8*5® c. crystallisation occurred, the crystals 
remelting on warming to — 5® c. 

These results indicate that the efiect on the depression of the melting point 
of cyclohexanol produced by water dissolved directly in the cyclohexanol is 
markedly greater than the effect produced by additional water solubilised in 
the cyclohexanol with an amphiphile. This may be understood in terms of 
Fig. 4, Part I, by the assumption that the water dissolved directly in the cyclo¬ 
hexanol must be considered as being actually included in that part of the micelle 
structure indicated by O while the additional solubilised water is included in 
W. Further analogous results recorded below may be similarly interpreted 
and the rise in melting point on addition of the amphiphile recorded in Tables 
II and III is also understandable along these lines. 

(4) Depression of the Freezing Point of Water by Cyclohexanol. —Some 
freezing points of water in the presence of cyclohexanol and a mixture of sodium 
secondary Cjo-Cj, alkyl sulphates are recorded in Table I. These results are 

TABLE I. 


Water (cc.) 

1 10 

10 

10 

10 

10 

10 

RS04Na (g.) . 


0 

z 

I 

I 

X 

Cyclohexanol (cc.) 
Character of mixture 
at f.p. . 

1 

t 

Excess 

cyclo¬ 

hexanol 

I 

Clear 

sol 

3 

Clear 

sol 

4 

Clear 

sol 

5 

Typen 

system 

Freezing point (® c.) . 

B 

— 1*0 

— 1*0 

— i-o 

— i-o 

— 1*0 


exactly complementary to those in (5). and show the marked difference in the 
effect on the freezii^ point of water of cyclohexanol dissolved directly and of 
cyclohexanol solubilised in water with an amphiphile. 

($) Depression of the Freezhig Point of Water with Cyclohexanone.-* 
Some freezingpoints of water in the presence of cyclehexanone and a mixtuxe of 
sodium secondary Cio-Cjg alkyl sulphafee are recoiled in Table II. Ftom these 

V idsm. J, Amsr. Chm. Soa., 104L dg, 674. 

• Hartley. Trans. Faraday Soc., 1940, 37, 130, 

• Johnston and McBain. Frac. Foy, Soc. A, 194a. iSi, 123. 
cp. Gonick. /. CtAMd Set,, 1946. i, 394. 
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results it is clear that cyx^ohexanone dissolved directly in water has a much 
greater effect in depressing its freezing point than has solubilised cyclohexanone. 

TABLE II. 


Water (cc.) . 

10 

10 

10 

10 

10 

10 

10 

RS04Na(g.) . . ; 

0 

0 

I 

I 

I 

1 

I 

Cyclohexanone (cc.) 

0 

I 

I 

2 

3 

5 

7 

Character of mixture at 


Excess 

Clear 

Clear 

Clear 

Clear 

Clear 

fp. 


cyclo¬ 

hexanone 

sol 

sol 

sol 

sol 

sol 

Freezing point (® c.) 

0 


— i»o 

— 2*0 

- 2-5 

~2*6 

— 2*6 


(6) Depression of the Freezing Point of Thymol by Solubilised Water.— 

The thymol used had a freezing point of 49*3® c. Freezing points obtained in the 
presence of water and a mixture of sodium secondary Cio-C,g alkyl sulphates 
are given in Table III. 


TABLE III. 


Thymol (g.) 

10 

10 

10 

10 

10 

10 

10 

10 

10 

RS04Na (g.) 

0 

0 

1*0 

1*0 

I'O 

1*0 

2*0 

2*0 

2*0 

Water (cc.) 

0 

0*25 

0 

0*5 

1*0 

1-5 

1-5 

2*0 

2-5 

Character of mix¬ 
ture at f.p. 


satd. 

soln.of 

water 

in 

thymol 

RS04Na 

mainly 

in 

soln. 

Clear 

soln. 

Clear 

soln. 

Cloud 

near 

f.p. 

Clear 

soln. 

Clear 

soln. 

Clouds 

near 

f.p. 

Freezing point (® c.) 

49-3 

39-7 

48-8 

417 

40*0 

39-7 

40-3 

39*9 

39-7 


These results and (2) above, describing the solubilisation of thymol 
with sodium thymate, show that water dissolved directly in thymol exerts 
a far greater effect in depressing the freezing point than does the water 
solubilised by the amphiphile. Examples 5 and 6 further show that addi¬ 
tion of an amphiphile to a saturated solution of cyclohexanone in water 
or of water in thymol may even bring about a rise in the freezing point of 
the saturated liquid. 

From the measurements of McBain and Johnston* and of Palit,^® 
and from the foregoing results it is clear that the additional mutual freezing 
point depression effects produced by O and W on solubilisation by an 
amphiphile C are, on a per molecule basis, small, but of a symmetrical 
character. Likewise the depression of the freezing point of both O and 
W by C is per molecule small, except at high dilution. 

The characteristic smallness of freezing point depression effects and 
of other colligative effects is implicit in the phase compositions of partially 
solubilised systems. Thus Type I systems typically show a solubilised 
phase, which may contain considerable proportions of both O and W, 
in equilibrium with an O phase containing very little C or W. Since the 
chemical potentials of all components must be the same in both phases 
in equilibriupii the chemical potential of O in the solubilised phase, must 
be the same as that in the excess phase consisting very largely of O. Hence 
in the solubilised layer the dissolved water and amphiphile must produce 
only a very small reduction in the various colligative properties of the 
organic liquid. Similarly it follows from the phase compositions of Type II 
and Type III systems that the dissolved organic solvent and amphiphile 
produce only a very small reduction in the chenodcal potential of the water. 

Attempts have been made to deduce information about the degrees 
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of molecular association in solubilised systems from measurement of 
freezing point depression effects and other colligative properties. It has, 
however, been emphasised by Hildebrand that simple relationships 
between mol fractions and colligative properties are approached only 
when the molecular species present are such as might be expected to obey 
Kaoult's law fairly closely. This condition is very far from realised in the 
case of solubilised systems, where O and W show the very large positive 
deviations from Raoult's law that are expressed in their immiscibility. 
It does not, therefore, appear that measurements of freezing point de¬ 
pression or other colligative properties can give much precise information 
concerning molecular association in solubilised systems. 

Summary. 

The solubilisation of solids and freezing point depression effects in solubilised 
systems are discussed, more particularly in relation to the work described in 
earlier papers of this series on the solubilisation of liquids. 

Ref. I, p. 130. 


PART VIII.-EFFECT OF CONSTITUTION ON 
AMPHIPHILIC PROPERTIES. 

Received 12th May, 1947 ; as revised ^ih June, 1947. 

Certain of the effects of constitution on amphiphilic properties have 
already been mentioned in earlier papers of this series. In Part IV 
comparison of Tables III and IX provides information on the effect of 
conversion of . COjNa to CiqHji . CH,NH, on the solubilising 

properties of the molecule. Table VIII compares the solubilising pro¬ 
perties of undecane-3 sodium sulphate, undecane-3 sodium carboxylate 
and undecane-3 ammonium chloride, while Tables VIII and IX provide 
an example of the comparative behaviour of undecane-3 and -i ammonium 
chlorides respectively. Table IV illustrates the effect of gradual substitu¬ 
tion of organic ammonium radicals in place of sodium on the solubilising 
properties of a mixture of secondary Cio-Cig alkyl sodium sulphates. 

The present paper describes certain of the comparative solubilising 
properties of tetradecane-i to -7 sodium sulphates, octane-1 sodium 
sulphate and octane-4 sodium sulphate. The determination of the critical 
concentrations lor micelle formation of the isomeric tetradecane sodium 
sulphates and of undecane-3 sodium carboxylate and of undecane-3 
sodium sulphate by means of Harkins pinacyanol method ^ is described. 
Results illustrating the effect of the point of attachment of the —OH 
group to the n-alkane chain on the solubilising properties of tetradecanols 
(-1 to -7) and octanols (-1 to -4) are given. 

Experimental. 

Materials. 

Alkanols* —The tetradecanols and tetradecane sodium sulphates were pre¬ 
pared by methods which were briefly as follows. Tetradecanols -i, -2, -3, -4. 
and -7 were prepared by the action of the Grignard reagents from n-dod#cyl, 
w-undecyl, »-decyl and fi-heptyl chlorides on the appropriate oxygenated intet- 
mediates. The chlorides and other intermediates used were carefully fraction¬ 
ated at ordinary pressures to ensure their homogeneity of molecular weight. 
Tetradecanols-6 and -5 were prepared by reduction of the ketones obtained from 
nonanonic and decanoic acid chlorides aad zinc n-amyl iodide and zinc n-butyl 
iodides respectively. The physical propertie^S^ found for the tetradecanols are 
recorded in Table I. Octanol-i, b.p. 196-197® c., 1*430*^# redistilled from 

^ Corrin, Klevens and Harkins, /. Chem, Physics, 1946, 14, 480 
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a commercial sample and octanol*4, b.p. 274-176^ c., prepared by 

^e action of n-butyl magnesium chloride on fi-butyraldehyde. 

TABLE I. 


Tetradecanol. 

7 ® 

2 

3 t 

4 

5 t 

6 

n 

Melting point (®c.) . 
B.p. at ca. 14 mm. 

35-36 

32 * 5-33 

28-29*5 

26-27 

28-29 

28-29 

H 

(®c.) . 

168 

170 

157 

152 

3 t 54 

156 


. . . 

1*4368 

1*4342 

1*4340 

1*4329 

1*4332 

1*4335 

m 


Alkane Sodium Sulphates. —The alkane sodium sulphates were prepared 
by sulphation of the corresponding alkanols with chlorsulphonic acid following 
substantially the methods described by Miles et al* 

Tetradecane-i and -2 sodium sulphates were recrystallised both from methyl 
ethyl ketone containing a little water and from water. Octane-i sodium sulphate 
was recrystallised from aqueous acetone, strong cooling being necessary. The 
remaining alkane sodium sulphates were not obtained crystalline (cf. *). The 
crude sulphates were almost completely freed from inorganic salts by evaporation 
to dr3mess. digestion with acetone (with addition of a little water) which dissolved 
the alkane sodium sulphates leaving the inorganic salts. The acetone was re¬ 
moved in vacuo and the residue dissolved in water to an approximately 12 % 
solution which was repeatedly extracted with its own volume of ether till free 
from uDsulphated organic matter. The extracted solutions were freed from 
ether by evaporation in vacuo and their concentration adjusted with water to 
about 20 %. To prevent autocatal3rtic acid hydrolysis, the solutions were 
maintained just alkadine to phenolphthalein during the above operations. 

Analysis of Alkane Sodium Sulphates. 

The compositions of the tetradecane sodium sulphate preparations, were 
determined by the two independent methods below, which gave closely con¬ 
cordant results. Keliable analyses of the octane sc^um sulphates could be 
obtained by the first method only. 

Method (1)—Gravimetric. —The samples anal3rsed were first evaporated 
almost to dryness in a platinum crucible in an air current, the sample being 
manipulated to coat as large a surface of the crucible as possible. The residue 
(o*5-i«o g.) was finally dried completely by evaporating 4 times with 10 cc. 

g >rtions of acetone in an air current and drying in an oven at 80^ c. for 2 hr. 

ry weight and total ash as sodium sulphate were determined. Assuming 
practically complete removal of imsulphated organic matter by the ether ex¬ 
tractions, for the low inorganic salt (NaCl, CH,CO|Na, Na|S04) contents present, 
as a close approximation : 

Weight of RS04Na in sample « (Dry — total ash) x 

Weight of inorganic salt in sample (as NatS04) = (Dry weight—weight of 
RS04Na). 

Method (2V—Volumetric. —^The following method, which is similar to that 
recently described by Marron and Schifierli,* has been found satisfactory for 
univalent anionic detergents above About 0*5 g. of sample (or a suitable 
volume in the case of a solution) was introduced into a 30 cc. burette, expanded 
at its upper end into a 150 cc. glass bulb having a ground glass stopper, con¬ 
taining 20 cc. of a 6 % cyclohexanammonium chloride soluuon and 30 cc. of 
methyl fsobutyl ketone {M.I.B.K.). The mixture was well shaken, and allowed 

* Organic Syntheses • : m.p. 39 - 39 ’ 5 ® c., b.p. 170-173® C./20 mm. 
t Pickard aiad Kenyon *: m.p. 25® c., b.p. 173® C./25 mm. 

I Komarewaky and Coley *: m.p, 28*3® c. 

* Orgama Syntheses* Vol. II, p. 374. 

’ Pickard and Kenyon, /. Ckem, Soc.» 19x3,103,1950. 

* Komarewsky and Coley, /. Amer, Chem. Soc,, 1941, 63, 3269. 

* Miles, et at,, Xnd. Eng, Chern,, 1944,36* 6x0. 

* Marron and SehiflerH, Ind. Eng, Ch^, {Anal.), 1946, 184 49. 
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to settle overnight and the volume of the clear M.I.B.K. layer noted. 20 cc. 
of the M.I.B.K. layer, which contains all the alkyl sulphate as cyclohexyl* 
ammonium salt, were diluted with 40 cc. acetone and titrated with standard 
alcoholic KOH using phenolphthalein as indicator. A blank run was made 
concurrently. 

If V is the volume of the M.I.B.K. layer, v is the titration of 20 cc. of the 
M.I.B.K. layer and 6 is the blank titration of 20 cc. of blank M.I.B.K. layer, 

then weight of tetradecane sulphate in sample = — x ^^ X n x 316 

20 1000 

where n is the normality of the alcoholic KOH. 

Comparative results by the two methods are given in Table II. The volu¬ 
metric figures for the octane sodium sulphates are not reliable, since quantitative 
extraction of the cyclohexylammonium alkane sulphates is not obt^ned below 
about C,„. 


TABLE II. 


Position of 

1 Gravimetric Analysis. 

Volumetric Analysis. 

- SOiNa. 

CiiHffSOiNa. 

NaaSOi. | 

CuHnSOiNa. 

— 1 

99*5 % (wt./wt.) 

(taken nil) 

99*3 % (wt./wt.) 

~2 

99-7 

20‘8 (wt./tot. vol.) 

o ’3 

100*0 ,, 

“3 

0*5 

21*1 (wt./tot. vol.) 

~4 

33’8 

0-4 

33’6 

-5 

30*2 

0*4 

30*6 

~6 

22*2 „ 

0*55 

22*6 

-7 

24*4 

CaH„SO«Na. 

0*55 

24*8 „ 

CaHi,SOiNa. 

— I 

99-9 

(taken nil) 

96-5 

-4 

38*0 

0*45 

34-2 


Effect of the Point of Attachment of the —SOiNa Group on 
the Solubilising Properties of the n-alkane Sodium Sul¬ 
phates. 

(a) Tetradecane Series.—The effect of the point of attachment of the 
—S04Na group on the solubilising properties of the n-alkane sodium 
sulphates accords with the interpretation, in terms of the theory given 
in the earlier papers of this series, that while the lipophilic solvent affinity 
of the n-alkyl group is substantially the same throughout the series, the 
hydrophilic solvent affinity of the --^04Na group diminishes markedly 
as its point of attachment to the n-alkane chain recedes from terminal. 
The effect is thus analogous to that found with undecane-1 and -3 am¬ 
monium chlorides (cf. Part IV). On account also of the high degree of 
molecular order in solubilised systems, steric factors would be expected 
to be strongly influential in producing the above results though it is. 
difficult to envisage the precise mode of their operation. 

In its practical result then the effect of stepwise removal of the 
—S04Na group from terminal to medial positions in the alkane chain 
on the solubilising properties of an alkane sodium sulphate solution o^ 
given concentration, is similar to the effect of gradual addition of in¬ 
organic salt (cf. Part II). Thus in both c^aes, considering the effect of 
addition of cyclohexanol to a mixture of equal volumes of a 20 % solution 
of tetradecane sodium sulphate and of cyclohexane, there is a reduction 
in the amount of C3rclohexanol required to reach each of the succesrive 
stages in the sequence Sj, G, S*, T3rpe II S3^tem, and the range of com¬ 
positions falling within the Type IV region is diminished. 
i The effects, both of constitutional change and of addition of sodium 
sulphate, are shown in Table III. In this and later experiments the cydo- 
hexanol contained 2 % by vol. of water, added to avoid cr3rstallisation at 
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lower room temperatures. The volume of cyclohexaxxol given under G 
is that estimated to correspond to the middle of the gel region. Similar 
comparative results were obtained using 15 % tetradecane sulphate 
solutions. It will be noted that the change in solubilising properties in 
passing from the to the >2 sulphate is much less marked than that be¬ 
tween other consecutive members of the series. 

TABLE III.— ^Volume (cc. of Cyclohexanol required to give Sj, G, and S, 
Systems when Added to Mixtures of 10 cc. of Cyclohexane and 10 cc. 
OF 20 % (wT./voL.) Solutions of Tetradecane Sodium Sulphates 
(-ITO-7) at 18-20° c. 


Position of —SO«Na. 

-I, 

•2. 


Wt of Added Sodium 
Sulphate (g.). 

Si. 1 

G. 

Sf. 

Si. 

G. 

s,. 

Si. 

G. 

S|. 

0 

2 * 0 - 

3*1 

4-8- 

2*0 

3*3 

4*7“ 

1 * 3 “ 

17 

2 * 0 - 




10 

S, to i 

G 

10 

1*5 


4*0 



■ 


contin 

uous 





0*25 


■ 

2 * 0 - 

1*3 

1*7 

2 * 0 - 

0*7- 

I'O 

i*i- 



1 

2-7 



2*7 

0*9 


X*4 

0-5 

0 * 8 - 

l*i 

1*4“ 

0*9- 

i*i 

! 1*45- 

0*5- 

0*7 

0 - 8 - 


0*9 


1*8 

1*0 


1 1*8 

I 

1 

0*6 


1*0 



•4. 



-5‘ 



-6. 



•7. 


Si. 

G. 

s,. 

D 

G. 

Si. 

Si. 

G. 

Si. 

Si. 

G. 

Si. 

0*84- 

1*0 

I*I 

1*3“ 

2*0 


075 

1*05- 

1*6 

0'25- 

0-30 

0*40 

0*50- 

070 

0*025- 

0*075 

0*175 

0-275- 

0*45 

0*43- 

0*5 

0*6 

0*7- 

0*85 

0*15- 

0*20 

0*25 

o'35“ 

0*40 

0 0 

0*05 

0*15- 

0*20 

Type 

with 

h 

II sys 
out CJ 
lexanol 

terns 

xlo- 

[ 

0*30- 

0*35 

0*4 

0-47 

0*6 


0*1 

0*15- 

0*25 

1 Type II systems 
without cyclohex¬ 
anol 



00 


The solutions of the -i, -2, -6 and -7 sulphates were measured at the minimum 
temperatures at which they were homogeneous. All solubilisation experiments 
refer to room temperature, the solubilities of tetradecane -z and -2 sodium sul¬ 
phates being greater in the mixtures of aqueous and organic liquids than in 
either singly. 

The solubility relationships of the tetradecane sodium sulphates 
towards water alone are interesting. The -i and -2 compounds crystallise 
readily from water or organic solvents and have a solubility in water of 
less than 0*5 % at room temperature, but show fairly low Krafft points 
above which they are readily soluble giving solutions which probably 
correspond to the Si condition. The -3, -4 and -5 compounds at room 
temperatui^ form clear mobile 20 % solutions, again probably corres* 
ponding to the Si condition. At 21 % overall concentration at c. the 
-6 compound forms a mixture of mobile isotropic solution (Si) and bire- 
fringent gel (G) in the approximate proportions of 1:3. The sol con¬ 
tains 12*3 % RS04Na, the gel being correspondingly enriched. On slight 
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wanning, the (Sj -f G) mixture becomes homogeneous, being converted 
wholly to the isotropic Si condition. A 20 % solution of S(^ium tetra- 
decane-7 sulphate forms an almost clear birefringent gel at 18^ c. which 
on cooling to o® c. gives a mobile milky emulsion and on warming to about 
90® c. gradually melts to a homogeneous isotropic solution Sj. Such 
anisotropy is of quite common occurrence in gel s3rstems. Thus for 
example, the gels produced from a 50 % aqueous solution of sodium 
n-butyrate on addition of octanol-i (cf. Part IV) are strongly birefringent, 
while both the Si and S, sols are isotropic. 

(b) Octane Series. —^The relationships between the solubilising pro¬ 
perties of octane-1 and -4 sodium sulphates are analogous to those between 
the solubilising properties of tetradecane-i sodium sulphate and tetra- 
decane-3, “4» “ 5 » -6 or -7 sodium sulphates. This is shown in Tables IV 
and V. No gels were produced in the experiments recorded in Table IV. 
Table V provides a further example of the very marked tendency to 
gelation in systems containing both -i alkanols and -i alkane salts (cf. 
Parts IV and VI). 


TABLE IV. —Effect of Cyclohexanol (+ 2 % water) on Mixtures of 20 % 
(WT./voL.) Aqueous Octane Sodium Sulphate Solutions (10 cc.) Cyclo¬ 
hexane (10 cc.) AND Sodium Sulphate (0*2 g.). 


Character of Systems Obtained. 

Position of 

X 

~ SOtNa. 

4 

Volume of Cydohezanol Added (cc.). 

Type I. 

7*6 

4*2 

Sol (S| and S| continuous) 

7 *6-11*0 

4*2-4*4 

Type II. 

11*0 

4*4 


TABLE V. —Effect of Octanol-i on Mixtures 
OF 20 % (WT./VOL.) Aqueous Octane Sodium 
Sulphate Solution (10 cc.). Cyclohexane 
( 10 cc.) AND Sodium Sulphate (0*2 g.) 


Character of 
Systems Obtained. 

Position of » SO«Na. 

-X 

-4 

Volume of Octanol-i Added (cc.). 

Typel 

Type IV 

Type.n 

Only thick emulsions 
»• and partly gelled 
systems obtained 

2*8 

2 ’ 8 - 3'3 

3’3 


Effects of Stmcture on Critical Concentration for tbe Formation 

of Micelles. 

The critical concentrations for xnicehe formation for the sodium 
tetradecane sulphates and fcH* undecane-3 sodium sulphate and undecane-5 
sodium carboxylate have been determined using Harkins pinacyani^ 
, method and noting the colour change, blue to violet, visually. The dye 
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concentration employed was 0*04 g./l. It was found necessary to make 
up a series of solutions of the detergents at different concentrations and 
a&ow these to stand in the dark for about i hr. in order for the equilibrium 
colours to be reached. The concentrations corresponding to a stable 
colour change, blue (micellar) violet, were noted. It was also found 
desirable to allow the solutions to equilibrate in the dark, since illumination 
by bright sunlight quite rapidly produced an irreversible colour change 
violet blue in the region of the end point. The results obtained are 
given in Table VI, Lottermoser and Puschels* ’ conductivity measure¬ 
ments indicate a value of 2*5 x lo-^M. for the critical concentration of 
tetradecane-i sodium sulphate at 60° c., and the value of i*6 x io“* m. 
at 40® c. 

TABLE VI. 


Compound. 

Conoentrationi x xo-» m. 

Final Blue. 

First Violet. 

Tetradecane-1 sodium sulphate . 

1*69 

I *62 

»» “2 ,., ,, . 

3*40 

3'12 

»» “3 ** • 

4*62 

4’43 

* * ”4 »» »* 

5‘89 

.5-63 

»• *5 »» i* • 

8*1 

7*79 

»» "b ,, . 

12*7 

11*9 

»♦ "7 »» • 

i6*5 

15*1 

Undecane-3 sodium sulphate 

38-2 

39*4 

„ -3 „ carboxylate . 

76 

80 


It will be noted that the critical concentrations in the tetradecane 
sodium sulphate series follow the reverse order to that which might have 
been expected from a comparison of the properties of the more concen¬ 
trated solutions and from the comparative solubilisation results. * However, 
the state of a sodium alkyl sulphate solution at the critical concentration 
will correspond to the extreme left of Fig. 2, Part I, and it might be expected 
that the micelles tend strongly to be spherical. Thus in the case of the 
tetradecane sodium sulphates above, the main factor affecting the critical 
concentration for micelle formation may therefore well be of the steric 
type suggested by Hartley.® With undecane-3 sodium sulphate and 
undecane-3 sodium carboxylate, where steric considerations might be 
expected to be similar in both cases, the critical concentration is higher 
with the sodium carboxylate which is also indicated as the more hydro¬ 
philic compound by the solubilisation results given in Table VIII, Part IV. 
Similarly the critical concentrations for the alkane-1 sodium carboxylates 
are higher than those of the corresponding alkane-1 sodium sulphates 
(cf. Hess, Phillipoff and Keissig •). 

♦ Note added in Press: 

Bi-n-hexyl ethanol and di-«-hexyl ethyl sodium sulphate, prepared via di-«- 
hcjtyl acetic acid, closely resemble the corresponding tetradecane -5 and -6 
derivatives in solubilising properties. The 20 % aqueous solution of di-n-hexyl 
ethyl sodium sulphate is a birefringent gel. The critical concentration is (8*30- 
8*45) X 10"® M. As with solutions of the sodium tetradecane sulphates with near 
m^ial sulphate groups, the foam stability of a 0*25 % aqueous solution of di-«- 
hexyl ethyl sodium sulphate is greatly reduced by small amounts of sodium 
stearate (cf. Winsor, Naturet 1946, 157, 660); t molecule sodium stearate to 125 
molecules di-n-hexyl ethyl sodium sulphate shows about the maximum effect. 

’ Lottermoser and Puschel, Kolloid Z., 1933, 63, 175* 

® Hartley,, Trans, Faraday Soc., 1941, 37, 130. 

• Hess, Philipoff, and Keissig, Kolloid Z., 1939, 88, 50 (Fig. 9). 
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Effect of Point of Attachment of the —OH Group on the 
Solubilielng Properties of the n-Alkanols. 

In terms of the theory of solubilisation used in the present series, the 
efiEect of the point of attachment of the —OH group to the n-alkane chain 
on the solubilising properties of the alkanols, is analogous to that found 
with the alkane sodium sulphates. In both cases the hydrophilic solvent 
af&nity of the hydrophilic group diminishes as the group recedes from the 
end of the hydrocarbon chain. The effect is very marked in both cases. 

(a) Tetradecane Series.— Some examples illustrating these effects in 
the case of the tetradecanols are given in Tables VII and VIII. For ease 
of manipulation the tetradecanols were first dissolved as their 33 % 
(wt./totfid vol.) solutions in cyclohexane. 

TABLE VII.— Effect of Additions (cc.) of Cyclohexanol to Mixtures 
OF 10 cc. OF 33*3 % (WT./total vol.) Solutions of Tetradecanols-i 
to -7 IN Cyclohexane with 10 cc. of a 20 % Solution (wt./total vol.) 
OF Tetradecane-5 Sodium Sulphate 


Character of 
System 
Produced. 

Type I. 

Si. 

Gel or Mixtures of 

Sol and Gel. 

Sj. 

Type II 

Position of 
-OH 

3 

4 

5 

i 

initially 


initially 
transitions not 
clearly defined 

0*20-0*30 

0*98-1*74 

1*36-2*6 

initially 

>0*30 

> 1-74 

> 2*6 

6 

<0*62 

0*62- 

0*64 

o*64-i*34 

1*34-3*0 

> 3-0 

7 

< 0-77 

077- 

0*86 

o* 86 -i *42 

i- 42 ‘ 3-3 

> 3-3 

10 cc. cyclo¬ 
hexane alone 

< 0-55 

o* 55 - 

0*62 

0*62-1 *06 

I *06-1 *6 

>1*6 


TABLE VIII.— Effect of Additions (cc.) of 33*3 % Solutions of Tetra- 
decanols-i to -7 ON Mixtures of 10 cc. of Cyclohexane and 10 cc. 
of A 20 % (WT. /total vol.) SOLUTION OF Tetradecane-5 Sodium 
Sulphate 


Character of System 
Obtained. 

Type I. 

Si 

. (Water 
Dispersible). 

Gel or 

Gel and Sol. 

s« 

(Cyclohexane 

Dispersible). 

Type II. 

Position of —OH 
z 

■ 

Wm 

BBI 

2 *I-ca. 3 

>3 

2 




2*75-ca, 3*7 

>4 

3 



bbmm 

— 

— 

4 . 5 . 6. 7 

■■B 

■B 

mm 




The breakdown of the Sg sols recorded in Table VIII did not proceed 
abruptly. An opalescence first appeared and was followed by increased 
turbidity and ultimately by separation of an aqueous layer, 

(b) Octane Series. —^The differences in solubilising properties^ between 
octanol-i and octanol-4 are very marked smd in the same sense as in the 
tetradecanol series. The apparent redaction in the hydrophilic solvent 
afiinity of the n-alkanols as the hydroxyl group recedes from terminal. 
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as indicated in Part I, very probably paraUels a concurrent reduction in 
the intramolecular hydrogen bonding capacity of the alkanols. This is 
also indicated by a marked reduction in boiling point. TThus octanol-i 
boils at 196-197*^ c,, octanoLa at 179*5® c., octwoLj at r78-5-i79«5® c., 
and octanol-4 at 174-176® c. Infra-red sp^ra give supporting evidence 
(cp. Badger and Bauer 

The difEerence in the h3^rophilic solvent affinity of octanol-i and *4 
is shown very clearly by the following examples. 

Mixtures of octanol-i and octanol-4 containing respectively o, 25, 33*3 and 
50 % by vol. of the latter were added ^pidually to mixtures of 10 cc. of cyclo¬ 
hexane and 10 cc. of a solution containing 24*7 % (wt./total vol.) of a mixture 
of secondary C,-Ci, alkyl sodium sulphates and 5*9 % sodium sulphate. The 
volumes of the octanol mixtures required at 20*^ c.: 

(a) just to solubilise the cyclohexane, and 

(b) just to cause separation of an aqueous layer 

were noted and are plotted in Fig. i. At constant temperature these points 
are easily and precisely determined visually with good reproducibility. Ob¬ 
viously Fig. I contains curves of two characteristics both of which can be used 
for the analysis of octanol-i and octanol-4 mixtures. Use was made of this to 
see what degree of partial separation of octanol-1 and octanol-4 could be obtained 
on partial solubilisation of a mixture of the two. 



Fig. I. —Effect of mixtures of octanol-i and -4 on mixtures of 10 c.c. of sodium 
secondary C,—Cj, alkyl sulphate solution (RSO^Na 247%; Na|S04 6*4% 
(wt/total vol.)) with 10 cc. of cyclohexane. 

25 cc. of octanol-i and 25 cc. of octanol-4 were added to 100 cc. of a 19 % 
(wt./total vol.) solution of octane-4 sodium sulphate. 26 cc. of octanol remained 
undissolved and 23 cc. were recovered from the solution by steam distillation. 
The two mixtures were analysed by plaang them on the two curves in Fig. 2. 

In the case of the undissolved octanol, to obtain points on the curve it was 
necessary ffist to dilute 2 vol. of the undissolved octroi with i vol. octanol-z. 
1*63 cc. of this mixture was required to solubilise the cyclohexane (corresponding 
to 37*6 % octanol-4 in the mixture) and 2*90 cc. were needed to precipitate an 
aqueous phase (corresponding to 36*3 % octanol-4). The percental of octanol-4 
in ffie undissolved octanol was therefore 37*1 x 3/2 « 35*6 %. 

In the case bf the octanol recovered from solution, 1*93 cc. were required to 
solubilise the cyclohexane (corresponding to 44*3 % octanol-4) and 3*32 ‘cc. 
were required to pr^pitate an aqueous pha^ (corresp^ding to 447 % octanol-4). 
Thb wrcentw of octaiiol-4 in the dissolved octanol was therefore 44*6 %. 

Tto metmod of anal^is of (octanol-i + octa2iol*4} mixtum descnbed 
above is generally applicable, with small modidcations to suit individual 
cases, to the analysis ol binary mixtures of any two organic liquids which 
^ow differing sdubilisation characteristics. The amphtphiie solution 

Badger and Bauer, /. Amer, Cktm, $oc,, 1940, 6a, 303. 
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used must be chosen suitable for the particular case in hand. For high 
accuracy careful thermostatic control is necessary. 

The writer wishes to thank N.V. de Bataafsche Petroleum 
Maatschappij and Shell Refining and Marketing Co., for permission to 
publish Parts V-VIII of this series of papers, and Dr. P. J. Gamer, 
Senior Chemist of these laboratories, for his encouragement during their 
preparation. 

Summary. 

(x) The comparative solubilising properties of isomeric fi-alkyl sulphates 
accord with the interpretation that while A diminishes as the point of 

attachment of the — S04Na group recedes from the end of the hydrocarbon 
chain, is proportionately much less affected. 

(2) In isomeric n-alkanols the solvent affinity for amphiphiles diminishes 
steeply as the point of attachment of the —OH group recedes from the end of 
the n*alkane chain. This effect is paralleled by a reduction in the intramolecular 
hydrogen bonding capacity of the alkanols. 

(3) The critical concentrations of the isomeric n>tetradecane sodium sulphates 
have been determined and are found to increase progressively as the — S04Na 
group recedes from the end of the hydrocarbon chain. The critical concentration 
of undecane-3 sodium carboxylate is significantly higher than that of undecane-3 
sodium sulphate. 

(4) A method which may be termed ** solubilisation titration ** is described 
which may be adapted to the an^ysis of any bina^ mixture of organic liquids 
having sufficiently different solubilisation characteristics. 

Thornton Research Centre, 

Chemical Laboratory, 

Thomton-le-Moors, 

Cheshire, 


THE PHOTO-REACTION BETWEEN IODINE AND 
HYDROGEN PEROXIDE IN AQUEOUS SOLU¬ 
TION. 


By J. G, Bennett and R. O. Griffith 
Received iitk March, 1947 

Though the thermal behaviour of aqueous solutions containing H,Ot, 
I, and I- has been much studied over a period of more than 50 yr.. there 
does not appear to have been any work carried out with the aim of testing 
the possible action of light Actually we find that these S3rstems can be 
moderately photosensitive, but owing to circumstances to be mentioned 
later, it is not possible to evaluate in a quantitative manner the effect 
of light except under somewhat extreme conditions, well outside the range 
employed by investigators of the thermal reaction. Our work was carri^ 
out in X938-1940; it is in some respects incomplete, but as it is not 
possible for us to pursue the subject further at present, it appears expedient 
to publish now the results which have been establish^. 

Experimental. 

The thermal leactiona which occur in systems containing H^Og, I. and 1 ** 
have been established by the work of Ms^pianini,* Noyes,* Bme,* Walton/ 

* Magnanini, Gau, chim, lUd,, x1S9fi, ai, 476. 

* Noyes, Z, physih, Chem,, 1895, 18, itg; 1896, 19, 599. 

* Br^e, ibid,, 1904, 49, 208. 

* Walton, ibid,, 1904, 47, 185. 
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and particularly by Abel * and by liebhafsky and his co*workers.* It has been 
shown that in solutions of pm greater than 4» the reactions which occur are : 


H, 0 , 4 -H ,0 4 - 10 -.(1) 

H, 0 ,H ,0 + 0 , 4 I- .... (2) 

H, 0 , 4 HIO-> H ,0 4 O, + H+4 I~ . . . (s') 


and that, after a time, a stationary state is reached in which by the rate of 
reaction (i) becoming equal to the sum of the rates of reactions (2) and (2^, 
stationary concentrations of It and 1 ^ are attained. It follows then that 


and 


Ai[H,0,][I-]o - ^[H,Ot][IO“]o 4 ^.'[HtOJEHIOJo 

..T-i _ 

«iLi Je [Hi‘[I-], ^ [H+][I-]o • 


(3) 


where the suffix denotes conditions at the (thermal) stationary state, Kg is the 
hydrolytic constant of iodine and K^\q the ionisation constant of HIO. The 
value of [H+] may be fixed by the use of a suitable buffer; we may then write 
for the thermal stationary state : 




[Itlo 

[I-] 



where iiT is a constant for a given buffer and given temperature. 

On illuminating such a system at the thermal stationa^ state there is super¬ 
imposed on these three thermal reactions a photo-reaction involving consumption 
of iodine with production of iodide. The extent of such photo-reaction we have 
determined by two methods ; in the first the system at the stationary state is 
illuminated by light of constant intensity and the (initial) rate of disappearance 
of iodine is measured, while in the second method the illumination is continued 
until the system attains a photo-stationary state, in which [n J becomes constant, 
and the value of this [XIJ is determined. 

In the first method, at any time after the start of illumination 


d[XIJ 


== - A,[H,0,][I-] 4 


ATI.][H,OJ 


4 P, 


dt ~ "i*-”~ [1-]^ 

where P is the rate of the photo-reaction, and the absence of the suffix denotes 
conditions prevailing under illumination. Substitution of the value of K 
obtained above in terms of thermal stationary conditions yields 


d[XIJ 

dt 




4 P. 


This differential equation cannot be solved explicitly, but sufficiently accurate 
for the purpose in view is the approximation 


<.-<1 




4 P 


(4) 


where [XI and [XIJ, are the concentrations of iodine at times and after 
illumination, and 


[I-]. 




Eqn. (4) may be written in an alternative form. At the thermal stationary state 
the catalytic decomposition of proceeds according to the equation 
~ d[H, 0 ,] 

-- = «unl 

and, moreover,' since for every mole of H,0, reduced by reaction (i), one mole 
of HiO, is oxidised by the compensating reactions (2) and (2*), the rate of dis¬ 
appearance of H|Os at the thermal stationary state is equal to twice the rate of 
reaction (i). Hence we have 

and tiius j ‘ 




• Abel, Z. Ekktrochem., 190S, 14, 598; Z. physik. Chem.. 1920, 96, i; 1928, 
138,161. 

• LiehbaMcy, et al., J. Amtr. Cktm, Soe., 1932, 54, 1792. 3499; 1933, 

3977: 1934. *369. 
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Snbatttntiag ibis lelatioiub^ ia eqn. (4) we obtain 
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Thus the rate P ot photo-reaction in the initial stages of illumination may be 
obtained from a knowledge of k^ni and of the values of [IJ and [I*~] at the thermal 
stationary state and at two times during illumination. A knowledge of the 
mean ener^ absorbed during this time interval leads to an evaluation of the 
quantum yield. 

In the second method illumination is continued until the rate of disappearance 
of iodine hecomts tero, i.e. until a photo-stationary state is attained in which the 
sum of the rates of the photo-reaction and reactions (2) and {2') is exactly 

rf^T 1 _ rf*J *1 

counterbalanced by the rate of reaction (i). Hence equating -—-k—Si* 

to sero in eqn. (4) and (5) we obtain 

... ( 6 ) 

and the alternative 

where the suffix I denotes conditions at the photo-stationary state. 

The experimental conditions which we were forced to employ in the study of 
the photo-reaction derive from the following considerations. Since in all s>’^tems 
both thermal and photo-reactions occur, the accuracy of any estimate of photo¬ 
rate depends in the first instance upon making conditions such that the ratio 

possible. High light intensity and low temperature 

are obviously favourable factors; accordingly most of the experiments have 
been carried out at lo"* c. Even at this temperature, however, the thermal 
reactions are much too fast for the employment of any analytical method for 
determining and the only feasible method of analysis of the reaction mixture 
is the relatively insensitive spectrophometric determination of Un¬ 

fortunately this method imposes severe restrictions on the range of conditions 
which can be investigated. The values of the extinction coefficients of Is and 
I's for blue light are such that using reaction cells of reasonable length it is not 
possible, in view of the fact that m<^erate absorption of the incident light must 
prevail, to work accurately with solutions in which [XIs] is greater than about 
5 X zo-'*. As regards the lower limits of [^It] which might be employed, one 
is restricted by the length of the cell it is possible to employ to obtain reasonable 
absor|>tion and by the fact that with very low concentratbns of iodine accidental 
impurities decrease the possible accura^ very greatly. For these reasons, and 
. using a 2 cm. cell, the concentration of iMine has had to be maintained 
[betvmn about 0*5 x io~* to 5 x lO'**. Further, the choice of this concentra¬ 
tion of iodine in^Kxws limits to the range of iodide concentrations it is possible 
to employ. Since all systems are initialTy at the steady state, there is a relation 
between [I^]. [IJ and [H*^] imposed by the steady state function F (easily de¬ 
rivable from equation (3)) namdy: 


A + B[H+] 
Since also we have [BIJ » 


_ [Hi*ti~]* 

- 

PJ-f CI-J: t«-] 


where A and B are constants. 

there exists a relation between [BI-] and [H+], Now it is inadvisable 
to work with [H+] much greater than 10-*. owing to the fact that under such 
conditi^nt the reaction * 

H,0. -I- -f-HID -f HtO . . (O 

i of importance and increases the thermal rate of reaetkm. Furthermore 
\ made too small, then with [Bit] kM constant in the above-mentioiied 
'*] and thus [BI^] must increase m order to keep F ^ 
icrease in [1*^] results in an increased noe of thermal reaction, there- 
[ order to keep the thermal rate as low as possible the photo-experiments 
^ieen carried out with tH+] in the range vz X to o*a x *0-^, and this 
ge^together with the range of iodine concentrations used fixes the possible 
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tan^ of concentration of iodide* The latter has been from abotxt 7 K to^ 
to about 1*0 X io“** 

With minor differences the apparatus used was similar to that of CaBow, 
Griffith and McKeown ^ in their study of the photo>reaction between Br* and 
HfOi in aqueous solution. The ssime light was employed both for insolatioii 
and for the photometric estimation Of u^ine ; it was of importance, that, ih 
addition to its being strong, it should be of constant intensity. Two 1 ^^ 
sources have been used. One was a 1000 w. tungsten filament lan^ run off a 
no V. storage battery ; a filter consisting of 2 cm. of 5 % CuOy solution + 2 cm« 
of a 2 % solution of quinine acid sulphate -f a Schott glass filter B.G. 12 (x mm.) 
transmitted light in the wave-length range 420 m/i-480 m^i (mean 450 m/i). 
The other light source was a quartz-mercury lamp of vacuum t3rpe and end-on 
pattern, burning at 150 v. and 3*0 amp., and run off a 3 kw. D.c. generator, 
whose dynamo was driven by a synchronous motor and whose jmerator field 
was excited from a 72 v. storage battery of large capacity. With the same 
filter reasonably monochromatic light of waveleni^h 436 mfi was transmitted. 
The thermopile^galvanometer system employed was (Vibrated for light from 
both sources by means of a uranyl oxalate actinometer, using the data of 
Leighton and Forbes.* 

Reaction mixtures were made up from HjOf, K 1 and the buffer constituents. 
The hydrogen peroxide used throughout was Merck's Perhydrol. Acetic acid 
and s<^ium acetate were purified by recrystallisation, and glycoUic acid (and 
its sodium salt) by the method of Pedersen • through barium glycollate. 
Analar samples of KI, phosphoric acid and KHtP04 were used without further 
purification. 

The procedure which was adopted in order to determine from the measured 
values of incident (/p) and transmitted (/) light intensities in the photochemical 
experiments the concentrations of I~ and I ^ was as follows. All reaction mixtures 
were made up so that initially they contained no iodine but with [iodide] equal 
to either 0*00078 or 0*0014 M. Subsequently part of the iodide is converted by 
reaction with HjOi into iodine, so that at any time [IJtot ^ 0*00078 or 0*0014 
« m-] -f where [XI-*] « [I-] -i- [I-,] and [XIJ «= [I J -f- [I-J. As a 

preliminary, therefore, to the photochemical experiments with H|0| present, 
values of log were determined for a series of solutions in which [XIJ and 
[XI~] were known and varied, but in which [I]toi * 2[XIJ -f- [XI~] was main* 
tained constant and equal to 0*00078 or 0*0014. These determinations were 
made in absence of HgO* but in the presence of [HAc] « 0*5, [NaAc] * o*x, 
and with both sources of light, with a 2 cm. cell at 10® c. It was verified that 
variations in the concentrations of the buffer constituents did not affect to any 
appreciable extent the absorption of bght by the iodine. Application of these 
data to measurements of light absorption in the photochemical experiments 
thus gave the corresponding values of [XI«] and [XI**]; using for the tri-iodide 
equilibrium constant A, a value of 1*00 x io~* at 10^ c. the corresponding values 
of [IJ and [I***] were then calculated. 

The values of required (see eqn. (5) and (7)) were obtained by determining 
the rate of decomporition of HtOt at the thermal stationary state for many of 
the reaction mixtures used in the photo-experiments; the remainder were ob¬ 
tained by interpolation of these results. Two methods giving results in good 
agreement were used ; in one the rate of evolution of O, was measured wTtb a 
modified Warburg apparatus, while in the other method the reaction was followed 
by determining HtOi analytically. We may refrain from publishing these data, 
as the results in genexal confirm the expectation of Abel's * theoiy, though the 
concentrations of the reactants in the systems now studied were widely different 
from those in previous investigations; the addiricmal data which we have ob¬ 
tained relate only to slight medium effects of the buffer salt and of hydrogen 
piuoxide. 


Results aud DlecuMioii. 


Tables I and II show how the quantum yield variet with energy 
abeorbed ^and with concentration of HtOt« lu the tables, E mm qpnexitd 
absorbed minute, P molecules disupeaiing per udnute by photo* 
leactiocl* and r ^ quantum yield (moleculm It reactixig per qosqitmik 
aboorbed)i» Concentrations are expressed in if. and hmi in miarK 


* Calkwn <;^th and McKeown, Tmns, Pm 44 /t^ Soc., xgae* lit 4XS. 

* and Forbes, /* Aam, Ckm. $^ 779 $^. m 

* MmtS, and., mh M, 23. a ^ 
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'Bf oommpxk$ experiments in which tl*"] has much the same valoe^ 
tile wta of these tables show, within the somewhat large experimental 

error, that y is proportional to [HtOj and inversely proportional to y/E. 
The accuracy with which y can be determined in such experiments is not 

TABLE I, 

ffltot *“ 7*8 X 10-*; Temp. « lo®. 






Ex 

y- 

y^E X lo-*. 


[HAc] 

» 0*4 ; [NaAc] « 0*4; Auai == 1*361 x 10-^ 


436 

0-149 

3*82 

7*29 

1*56 

0*466 

1-84 

43^ 

0*149 

3-50 

3-27 

0*279 

1*17 

1*95 

450 

0*141 

I 4-17 

8-93 

2*85 

0-313 

1*67 

450 

0-141 

3'79 

! 3-92 

0-593 

0*662 

x*6i 

1 


[HAc] 

sa 1*0; [NaAc] =« 0*2 ; Aqsi = 3*91^ x io“* 


450 

1 o*i3o 

i*8i 1 

[ 12*60 

4*09 

0*308 ] 

1-97 

450 

0*150 

1-58 

5*35 

0*80 

0*668 

1*89 


[H,POJ = 

0*0102 ; [KHjPOJ = 

S 1*00 J hnt ^ 

= 3-57 X lo-» 

450 

0*160 

1*04 

i 6*17 

4*29 

0*144 

0*94 

450 

0*160 

0*97 

1 2*38 

0*858 

0*277 

o*8x 


TABLE II 

A « 450 mft ; [I]toi ~ 7*8 x lo*^ ; Temp = io° 


i 

(I-J X XO«. j 

PX lO-M. 

E X 

y. 1 

yv^ X ig-«. 


[HAc] « 1*5 ; [NaAc] = 

~ 0*3 , A^ttoi = 

= 3-975 X >«>“* 


0-307 

1-95 

11*1 

0*768 

1*46 

1*32 

0-193 

1-89 

l8*8 

0*392 

0*479 

1-55 

0*079 

2*11 

6*87 

0*394 

0*174 

1*39 

0*306 ; 

403 

9-<>3 

3-o8 

0*312 

0-565 

0*193 i 

4*09 

6*45 

2*90 

0*223 

0*622 

0079 1 

4-»3 

2*43 

2*99 

o*o8i 

0*561 


[HAcJ ** 0*5 ; [NaAc] * 

» o'l : fc«»i = 3-835 X «■* 


0-311 

»*S 53 

3 ’go 

0*754 

0*743 

0*656 

0*196 

1*393 

8*^ 

3*68 

O1241 

0*747 

0^)78 

1*325 

1*62 

0*826 

0*198 

0*727 

0*3X1 

2*778 

ra 5 

3*21 

0*226 

0*408 

0*196 

2*805 

4*89 

3*15 

0*153 

^444 

0*078 

2*900 

1*83 

3-66 

0*050 

0*389 


high, owing to the relatively high vtiocitieg o£ the thermal leactioos, 
I0 the snUdl conoentiuriocui of It and and to the insenritive photometric 
method of analysis. It is considered, however, that the y values should 
bs reliable to the extent of db lo %. 

Inbe effect on the quantum yield of other variables, such as [IKt 
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omomitratiotts of bufEer constituents and particulady of cannot be 
obtained in a quantitative manner, since, for the reasons given above, 
the variation in has been too small. An indication of the elEects 
of [I~] and of buffer constituents is, however, given by the data of Table HI. 

TABLE III 


Temp. = io° ; [I*’]!©! *= 7 *^ X io~^ ; A = 450 m/i ; [HAc]/[Ac-'] *=* 5 


[HAc] . . 

0*1 1 

0*1 

0*1 1 

0*1 

0*2 

0*2 

0*2 1 

0*2 

0*5 

0.5 1 

0*5 

[Ac-] . 

0*02 

0*02 

0*02 

0*02 

0*04 

0*04 

0*04 

0*04 

0*1 

0*1 

0*1 

[I-] X 10* . 

I *06 

I‘ 2 I 

1-265 

r66 

1*14 

1-37 

1*515 

2*065 

i ”275 

1*97 

3-83 

T 

0 

X 

2-93 

2-38 

2*28 

vgi 

4*81 

3*79 

I 

3*59 

2*67 

7*53 

5-46 

4*13 


It will be seen that increase in [I~] brings about a decrease in 
yV.E/[H|0 J, while the effect of proportionally increasing the concentration 
of the buffer constituents (^h = constant) is to increase the value of 
yV'jE/[HaOJ, Companson of these data with the results of further 
experiments in which [HAc]/[Ac*“] = i shows that it is the acetate ion 
and not the acetic acid molecule which exerts a catalytic effect on the 
photo-reaction. 

In order to proceed, further with the analysis of the experimental 
results it is necessary to make some assumption in respect of the effect 
of iodide ion on the quantum 3rield. We shall assume that the mechanism 
of the photo-reaction is analogous to that of the photochemical H| 0 ,—Br, 
reaction,’ and that the effect of [I~] on the iodine reaction is the same as 
that of [Br~] on the bromine rea ction, i.e. we shall as sume that yV^/EHiOJ 
is inversely proportional to + [!“])» where aj is the mole¬ 

cular extinction coefficient of the halogen and that of the tri-halide ion. 
The latter assumption for the iodine reaction is probably not entirely 
correct, since for the bromine reaction the analogous dependence of rate 
on concentration of halide ion is an approximation only valid for a par¬ 
ticular range of [Br~], the postulated reaction mechaffism leading to a 
more complicated functional dependence of rate on [Br-]. However, 
since the range of [I~] covered in our experiments is small, and since further 
as shown in Table III retardation by I- lies in the range between rate 

« ^^6 rate oc a postulated dependence of rate inversely pro¬ 


portional to V[I*]{-K’tai/«i + P~]) does not appear to be seriously in error 
for the experimental conditions we have employed. It is further to be 
noted that, whatever is the true functional dependence of 
on [I~], the main conclusion we derive from this work can hardly be in- 
valida^ted by the specific assumption we make in respect of dependence of 
rate on [I*“]. 

Seven series of experiments have been carried out, five with acetic 
acid-sodium acetate buffers, one with a gl3rcc^c acid-sodium glycdlate 
buffer and one with a H,P04—KHtP04 buffer. In each series the ratio 
[add] /[base] of the buffer constituents was maintained constant. Table IV 

g Ves the experimental conditions of these runs and summarises the results. 

i this table r and s signify the method used to determine v (m rate 
method, s stationary state method), while 


Kt was takea to be o'oozo, and «(,/«, determined to be 0*335 iorXim 436 nij» 
and 0-63 fmr A » 450 tnn . 
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In general the values of F obtained by the '' rate method agree fwly 
well with those from the ** stationary state method; in presence of 
concentrations of acetic add greater than about o*6 m., however^ the values 
of F given by the photostationary state method are lower than those from 
the rate " method, particularly when the ratio [HAc]/[Ac‘“] is high. 
The cause of this discrepancy was not established, but in only one series 
of experiments, that with [HAc]/[Ac“] = 5, was the effect at all pro¬ 
nounced, and in this series the results of the " rate experiments were 
taken as the more reliable. 

The main conclusion from these experiments is that there exists in 
each series an approximately linear relation between F and the concen¬ 
tration of the basic constituent of the buffer. The last column of the table 
gives the numerical relationships. For acetate buffers the slopes of the 

TABLE IV 


Temp. »= 10° 


iUtot 

xxo*. 

s 

Range of 
[Base]. 

Range of ri-] 

X 10*. 

Method. 

Relatton between F and [Baae], 



A 

= 436 

; Acetate buffers 

7-8 

I 

0*1-0*4 

3 * 4 - 5 ^ 

r, s 1 

F X 10-* = 0*28 -f 15*7 [Ac-] 

M-o 

I 

0*2-0*6 

4 ' 5 - 5 V 

r 

F X 10”® = o*8o -I- 15*9 [Ac-] 

I 4'0 

0*5 

o*2-o*6 

6*8-8*3 

K s 

F X 10-* = 0*28 -i- 13*2 [Ac-] 



A 

= 430 nifi 

; Acetate buffers 

7-8 

I 

0‘05-o*5 

3 ' 3 - 5-7 

K s 

F X 10-® = 0*43 - 1 - 17*8 [Ac-] 

7-8 

5 

0*004-0*4 

I *0-2*3 

r 

F X 10-® = 0*30 -f 18*0 [Ac-] 



A -- 

* 450 ; 

Glycol 

late buffers 

7-8 

j 0*61 

j 0*125-07 

1 »**-*-8 

1 r,s 

j F X lo”® = 0*28 -f- 2*36 [Gly-] 



A 450 mfi ; 

I 1 

Phosphate buffers 

7-8 ; 

1 0*01 

} 0*25-1*0 

1 

i*o-2*3 

r, s 

F X 10-® = 0*39 -f 1*30 [H,P04“] 


plots of F against [Ac“] are reasonably constant, with a mean value of 
i6*i X 10*. The intercepts on the F axis are also in moderate agreement, 
except that for the second series, and give a mean intercept of 0*42 x 10*. 
The slopes of the plots for glycoUate and phosphate are, however, less, 
viz. 2*36 X 10* and i‘3o x lo* respectively, but the intercepts are much 
the same as with acetate. These results point strongly to a general base 
catalysis of some rate-determining step in the photo-reaction, the values 
of the catalytic coef&dents, i6*i x ro*, 2*36 x lo* and 1*30 x 10® being 
in the ord^ of decreasing basic strength of the bases CHtCOO"*, 
CH|(OH)COO’- and HiP04~. Further, the mean intercept from aJl the 
smes with a value of 0*39 x 10® should be ascribable to the catalytic 
effect of H|0 as a base, and hence on this basis the catalvtic coeffident 
of wter is 0-39 x io®/55 « o^oov x 10®. Compared with^e catidytic 
coefficients of CHgCOO- CH.(OH)COO- and H,P04- this value is a 
reasonable one in terms of the Brensted relation between catalytic co¬ 
effident and ionisation constant of the base. 

In the absence of a satisfactory^terndnation of the retardation by 
iodide of the photo-reactibn, the nature of the reaction mechanism and of 
the part^process which is subject to general base catalysis can^only be 
subjects of speculation. It seems not unlikely, however—and none of 
the results obtained is inconsistent with Ihe view—that the reaction 
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mechanism is analogous to that of the HjO,—Bri reaction, except for the 
occurrence of base catalysis. If this view is correct, the probable 
mechanism is : 

Primary processes . + 

1.1#"* -f“ 11*“ + I 

Maintained equilibrium I," 5=^ I- 4 - I 

Chain reactions. . Cl -j- HgO, HO, + H+ 4 - 1 “ • («) 

\HO, 4 -I*-> 0 , 4 -H^ + I-' 4 >I . (b) 

Chain-breaking reactions/1 4- 1 ,“ I,"" 

\I,' 4- Ia“ I*” + 

The analogous mechanism for the bromine reaction has already been 
discussed ; it is now only necessary to add that while for bromine both 
chain reactions (a) and (b) are exothermic, in the iodine reaction (a) is 
endothermic to the extent of about 13*6 kcal., while (7) is about thermo¬ 
neutral. These estimates are arrived at on the basis that the heat evolved 
in the reaction H -f- O, HO, is 45 kcal., a value based on the estimates 
of Bray (50 kcal.), Bodenstein and Schenk (not greater than 44 kcal.) 
and GrifiBith, Callow and McKeowm ’ (not greater than 50 kcal.). Reaction 
(b) could thus have a low critical increment and be sufficiently fast to 
maintain a chain. 

The novel feature of the photo-reaction between H, 0 , and I, is the 
catalysis by bases, and it is clear that in terms of the mechanism suggested 
it must be reaction {a) which is catalysed. Instead of (a) we must 
therefore write: 

I 4- H, 0 , -f B HB^- 4 - 1 “ + HO, . . {a') 

where HB+ is the conjugate acid of the base B. This appears to be the 
first instance of general acid or base catalysis to be observed in a photo¬ 
chemical reaction. 


Summary. 

The photochemical reaction between H, 0 , and I, in aqueous solution has been 
investigated by spectrophotometric methods at 10° c. using blue light under 
conditions of low concentrations of iodine and iodide in the presence of buffered 
solutions of pH about 4. The reaction occurring on illumination is 

hv 4" If 4" H,0,—► 2 HI 4“ O,, 

and, depending on conditions, quantum yields varying between 0*03 and 1*5 
were obtained. Quantum yields were found to be proportional to 
inversely proportional to the absorbed energy, to be diminished by increase of 
[I"], and increased by increase in the concentration of the basic constituent of 
the buffer. The catalysis by bases is in the order of basic strength indicating 
that a rate-determining step in the reaction is subject to general base catalysis. 
The results have been discussed on the basis of a mechanism involving primary 
production of iodine atoms, together with the chain reactions 

(a) H,0, 4- I-> HO, 4- 4 - 1“ 

and 

(b) HO, 4* I|-> O, 4 - H+ + I 4- I, 

and the chain-breaking reactions I 4- I,- and I,~ -|- I"',-^ I**, 4 - I*- 

It is suggested that it is process (a) which is catalysed by bases. 

Muspratt Laboratory of Physical and Electrochemistry, 

Department of Inorganic and Physical Chemistry, 

University of Liverpool, 

Bray, /. Amer. Chem. Soc., 1938, 60, 82. 

Bodenstein and Schenk, Z, physik, them., B, 1933, 30 , 420. 
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Reactions are usually studied in the laboratory under the conditions 
of a more or less isolated system. In nature, on the other hand, the most 
commonly occurring reaction systems are those through which there is 
a continuous flow of matter and radiation. The distinction is similar to 
that between “ closed and “ open ** systems in thermodynamics. 

A reaction process in a closed system is limited by the amount of re¬ 
actant which is present and equilibrium is attained when the capacity 
for reaction is e>^austed. In the open system, supply and removal of 
material take place indefinitely and it becomes possible for a stationary 
state to develop, which however is not a true equilibrium. The living 
cell, for example, is a permeable reaction chamber, containing all its 
necessary catalysts, and which operates continuously due to the flow of 
metabolites. The conditions of reaction in nature are thus in some 
respects comparable to those of a continuous reaction process in chemical 
industry. 

The concept of the steady state in biology was discussed by Hill ^ 
and Straub • and originated from their observations that organisms are 
able to maintain themselves in a state which is displaced from true 
equilibrium. More recently the work of Schoenheimer * on the passage 
through living creatures of tracer elements has confirmed the existence 
throughout the body of a more or less stationary state of rapid reaction. 
The steady state is very well exemplified by the constancy of the sugar 
content of the blood. The concentration of other substances in the blood, 
such as lactic acid, varies between different levels according to the rate 
at which the subject performs work. In vital processes we are thus con¬ 
cerned both with steady states and with the kinetics of transitions between 
such states. 

The importance to biology of a theory of such changes has been 
emphasised by Ancel Keys.* A very interesting discussion, in relation 
to physiology, of the steady state of a single first-order reaction has been 
given by Burton.* A number of special cases have also been discussed 
by Spiegelman and Reiner * and by Hinshelwood.’ Steady state systems 
have also been described in connection with economics and the study of 
biological populations. 

In previous papers, I arid II, by one of the authors ® certain aspects 
of continuous reaction were discussed, with special reference to the chemical 
industry. Our object below is to attempt a rather more general survey 
of reactions in “ open " systems, in particular : (i) the conditions which 
make possible a time-independent state, (2) its properties, (3) the nature 
of transitions between such states, (4) the anomalous behaviour of auto- 
catal3rtic reactions. 

I. Conditions which make Possible a Steady State. —The majority of 
reaction systems, when operated continuously, gradually approach a stable 

^ Hill, Trans. Faraday Soc., 1930, 26» 667 ; Adventures in Biophysics (Oxford, 

1931)- 

• Straub, Rec. irav. chim., 1929, 48, 59, 

• Schoenheimer, The Dynamic State of the Body Constituents (Harvard, 1942). 

• Ancel Keys, Trans. Faraday Soc,, 19333, 942. 

• Burton, /. Cell Comp, Physiol., 1939, 14, 327. 

• Spiegelman and Reiner, /. Gen. Physiol., 1945, 28, 385, 

» Hinshelwood, Chemical Kinetics of the Bacterial Cell (Oxford. 1946). 

• Denbigh, (I), Trans. Faraday Soc., 1944, 4 ®» 35 ^ ^947. 43 » 648. 
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time-independent state. However, in one or two chemical examples (and many 
physical ones) this does not occur and instead the system gives rise to a steady 
oscillation. In view of these exceptions the general conditions must be deter* 
mined which give rise to time invariance. 

Consider any region of space which is " open ” to its environment. We 
define the steady state as that condition in which it is impossible to detect any 
macroscopic change inside the system with respect to time. This is not neces¬ 
sarily an equilibrium, as dissipative processes may be taking place within the 
region at constant speed. The steady state is essentially the time-independent 
condition of an open system ; equilibrium is the time-independent state of a 
closed one. 

A familiar example of the establishment of a steady state is that wliich is 
obtained when water flows into an open tank and at the same time passes out 
through a hole in the bottom. If, at a particular moment, the outflow is either 
greater or less than the inflow, the level of water in the tank will change until 
the two flows become equal. The tank is thus a system which has a certain 
capacity of self-maintenance (between the limits of the top and bottom) and 
this capacity depends entirely on the fact that the outflow rate is controlled by 
the hydrostatic head of the water. 

This simple example has been mentioned because it illustrates an important 
principle, namely that the stability, and the capacity for self-adjustment in an 
open system, is obtained only when there is a mechanism whereby the rate of 
removal of the various species is dependent on their internal concentrations or 
potentials. Consider now the behaviour of a sy.stem which contains a number 
of substances or species, A, B, C . . . N, between which there is the possibility 
of transformation, A B ^ C ^ . . . N. It is convenient to use the term 
flux rate, F, for the rate of each elementaiy^ process which can give rise to a 
change of internal concentration. These elementary processes consist in the 
first place of the processes of inflow and outflow' across the boundaries of the 
system and, secondly, of the internal processes of transformation between the 
species. Thus, for a particular member. A, the rate of change, da/df, of its con¬ 
centration within the system is determined by the algebraic sum of a numl>er 
of terms, etc., each of w'hich corresponds either to a process of flow 

across the ^undaries or to a process of change, such as A-> B. The cliange 
of the whole system in the course of time can then be expressed by the family 
of diflerential equations : 

1 

. 

where a, b, etc., are the internal concentrations and the summation is carried 
out in each case over all the rate terms w’hich affect the particular species. The 
state in which the system becomes time independent is then determined by 

da db 6n ^ ^ 

'dt~ di ~ ' Tt ~ ° . 

i.e. the steady state is obtained w’hen the flux rates adjust themselves in such 
a way that 

2 “ 2 • Z • <3) 

i i i 

The condition of time independence thus requires that, for each species, the 
algebraic sum of the rates of all those processes which aflect its concentration, 
shall be equal to zero. There is no necessity for the individual rates themselves 
to be zero. A system for w'hich eqn. (3) is satisfied is a steady-state system and 
is to be distinguished from an equilibrium system by the fact that it allows of 
irreversible processes of flow and reaction. An equilibrium state is only obtained 
if additional restraints are impnised. In particular it requires that the rate of 
each individual process of transfer across the boundary of the system shall be 
separately equal to zero. Steady states may thus be regarded as displacements 
from static equilibrium due to a flow between the system and its environment. 

Now the rate, F, of each elementary process of transfer or of internal change 
is, in general, dependent on the concentrations of some or all of the various 
species : 

F^ « F«(a, 6, c . . . n). 


( 4 ) 
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Explicit expressions of this function will be considered in the next section. For 
the present it is sufficient to mention that only certain special values of the 
concentrations will allow of the conditions (2) or (3) being satisfied. These 
are the stationary or steady state concentrations and will ^ denoted a, b, etc. 

Although there may exist a set of such concentrations d, b, etc., which satisfy 
the conditions of the steady state, it is possible that the system may not approach 
this state, due to its instability. Cases of this kind are very rare when we are 
concerned with chemical reactions, but an example of a permanent oscillation 
about a steady state will be discussed in section IV. In almost all other chemical 
examples, the system, if left to ihself, will gradually approach the stationa^ 
concentrations and then become constant. This is the same behaviour as in 
the case of the level of water in a tank, as discussed above, and the causes of 
stability are also very similar. For example, if the concentration of a particular 
species, J, exceeds its stable level, there will be an increased tendency both for 
it to be transformed into some other species and for it to flow^ out of the system. 
Both of these processes will reduce its concentration towards the stationary 
level j. On the other hand, stability would not be obtained if one of the species 
underwent only zero-order processes, i.e. changes at rates independent of the 
concentration. In this case there would be no self-regulating mechanism. A 
very general condition of stability is therefore that the rates of the various 
elementary processes shall increase or decrease according to whether there is 
a rise or a fall in the concentration of the species which undergoes the change. 

These considerations are necessarily somewhat qualitative. The question 
whether a steady state exists, or whether the system tends to approach it, can 
only be answered by solution of the differential equations (i). The properties 
of such equations have been discussed by Poincare and Picard • and their applica¬ 
tion to the stability of biological population has been made by Lotka and 
Voltcrra.^^ 

The general form of the solution is that of a sum of exponential terms. We 
consider only the special case in which each of the flux rates, F, is a concentration 
term of the first degree, as in first-order reactions or transport processes. The 
solution of eqn. (1) is then 

a d -f flu® ~r + • . • 

etc., for all n components. 

In these equations the A’s are determined only by the parameters of the system, 
but the fi’s depend al.so on the values of a, b, etc., at / = o. 

The .solution {5) gives the progress of the system in time from any particular 
starting point. It is evident that if the As are all real and positive the ex¬ 
ponential terms Viocome infinitesimally small as oc and the concentrations 
a, b, etc., approach asymptotic ally the values d, b, etc. The steady state which 
is attained is thus a stable one. On the other hand, if any of the A*s is real and 
negative, the concentrations a, b, etc., diverge from the values d, b, etc., and the 
latter thus represent an unstable state ♦ If all the As are imaginary' the system 
oscillates permanently’ about the point d, b, . . . n. On the other hand, complex 
As give rise to damped oscillations which converge towards the steady state if all 
the real parts are positive and diverge from it if any^ one of the real parts is negative. 

Apart from the exponents A, the coefficients ft in eqn. (5) can also give rise 
to a tyq>e of oscillation, if their signs are not aU the same. This is, in fact, the 
origin of the “ overshoot and " false start ” phenomena discussed in a later 
section. 

II. Properties of the Steady State in a Chemical System. 

(fl) Equations of the Steady State. —We begin by setting up the differential 
equations (i) for chemical reaction in an open sy'stem. It is necessary to assume 

• Picard, TraiU d*Analyse (Paris, 1928), vol. III. 

Lotka, Elements of Physical Biology (Williams and Wilkins Co., Baltimore, 
1925) ; Proc, Amer, Acad. Set,, 1920, 55, 137. 

Volterra, Theorie Mathematique de la Lutte pour la Vie (Paris, 1931). 

* In regard to the determination of stability, the exponents A are somewhat 
analogous to the thermodynamic functions of a static system. It is hoped to 
discuss this point more completely in a s.ubsequent publication. 

17 ♦ 
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that the system is uniform throughout its spatial extent. In the case of a large 
reaction vessel this condition is normally satisfied by the provision of efficient 
mixing. On the other hand, an assumption of this kind is obviously not applic¬ 
able to a living cell. It may be supposed, however, that the reaction space 
under consideration is a small element of the whole cell within which is achieved 
a fair approximation to uniformity. 

The setting up of the equations requires a knowledge of the functions F 
in eqn. (4). In the case of a chemical reaction the function is simply the normal 
mass action expression for the reaction velocity. In the case of a transfer process, 
a very general expression for F, for the species J, is : 

F,^r,(r-j) .(6) 

where j is the concentration of J within the system, f is a constant concentration, 
Vf is a coefficient. This expression is valid for several types of transfer process. 
In many examples we are concerned with transfer by diffusion and in this 
case eqn. (6) is based on Pick's law. The quantity y® is the concentration of J 
in a source external to our system, j is the internal concentration and r, is a 
coefficient which depends on the volume of the system, on the area of the boundary 
across which diffusion takes place and on the nature of J. The rates of other 
kinds of diffusional transfer, such as the growth or dissolution of solid material 
within the system itself, are also described by eqn. (6). (2) The equation also 

describes the case of transfer by mass transport, as in the type of industrial 
reaction vessel discussed in I and II. Let V be the volume of the reaction space 
and let u be the volumetric rate of flow, which is taken as constant. Let 
be the concentration of reactant in the inflow and let j be the corresponding 
concentration in the outflow. The latter is also the concentration wutliin the 
reaction space, on account of the assumption of uniformity. The net amount 
of J which accumulates in the system in unit time, due to the flow, is thus 
u{f — j) and the rate of increase of concentration is u{f — j)IV. This expres¬ 
sion is of the same form as (6), with r identified as uJV. The only distinction 
from the case of diffusion is that r(=-- u/V) is the same for all substances which 
are carried by the mass flow of solution. 

CxDnsider a reversible first-order reaction. This may be represented as 
k 

where the first and last arrows denote the flows of A and B 

“ it' ^ 

across the boundary of the system. Any other substances, such as water, which 
may participate in this reaction are assumed to be present in great excess. The 
differential equations (i) now take the particular form : 

^ = r,{a° — a) — ka + k'b 

= ’'5(6'’ -b) + ka- k'b 

At the steady state dajdt -- d6/d/ = o, and hence solving the equations we obtain 
the steady state concentrations, a and h : 

a - 

rar„ + y,k' + r^k 1 

^ k{r,a° + r.b") + r,r,b’‘ ■■■■(} 

+ >■„*' + Uh , 

The setting-up of the equations for a second-order reaction can be carried 
out in the same way. The only additional point of interest is that the equation 
is in the form of a quadratic. It might be expected that two steady states would 
be possible, corresponding to the two roots. However, it is found that one oi 
these corresponds to a negative concentration, which has no meaning. Thf 
same state of affairs is found for an enzyme reaction when for the reaction rate, 
F, we use either the equation of Michaelis and Menten,^* or the corresponding 
equation of Haldane for a reversible enzyme process. In each case only ore 
of the roots of the quadratic is positive, so that there is only the one steady state. 

(6)_Adaptability of the Steady State.—The steady state concentrations 
d and 6, of eqn. (8), are determined entirely by the parameters r, k, a® and 6®, 

Michaelis and Menten, Biockem, Z,, 1913, 49, 333. 

Haldane, Enzymes (Longmans, Green and Co., 1930). 
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and do not depend on the concentrations a and b which prevailed in any earlier 
state of the system. Burton ® refers to this property of the steady state as 
“ equifinality " and suggests that it may be the reason why biological form is 
relatively unchanging. 

There are moreover an infinite number of possible stationary states and a 
change in any of the parameters will cause the system to move towards a new 
level. The possibility that physiological stimulus and response may be associ¬ 
ated with the change of a velocity constant has been suggested by Gerard.^* 
In accordance with this view Burton,® and more recently Spiegelman and 
Reiner have examined the steady state eqn. (8), in relation to the effect of 
changes in k and k' on the stationary concentrations d and ~b. It was thus shown 
that the relationship between b and log k, or between d and log k\ is a sigmoid 
one, closely similar to the relationship between a physiological response and the 
logarithm of a stimulus intensity. (It is to be noted, however, that Hecht 
had shown previously that a second-order reaction at equilibrium gives a similar 
relation.) The effect on dynamic systems of changes of velocity constants 
has also been discussed by Hinshelwood ’ in relation to the adaptation of bacteria 
to the action of drug.^i. Hinshelwood’s use of the term steady state is rather 
different from that adopted above, in that he uses it as applying to two species 
whose ratios of concentrations are constant, although the actual values may be 
changing. In the simplest form of his theory it is supposed that the effect of 
the drug is to reduce a velocity constant in a sequence of enzyme reactions. Prior 
to its addition the various enzymes were present in the system in constant pro¬ 
portions. The effect of the drug is to destroy temporarily this constancy. The 
result is a change of the system in such a way that an increased mass action 
effect is able to counterbalance the effect of the reduced velocity constant. The 
overall rate of chemical change and of growth is then the same as before, and 
the bacteria is said to have become trained to the drug. Hinshelwood's mechanism 
of adaptation is a particular aspect of the stability of a dynamic system, as 
discus.sed above. 

Another aspect of adaptability is shown by the way in which the open reaction 
system responds to changes of its environment, as characterised by changes of 
the external concentrations— a"', 6", etc. Consider a sequence of reactions in¬ 
volving n species : 

Ic, k, 

A —n B —c i:::!. . . ::i:i n. 

\ k2' 

The rates of the transfer processes are given by eqn. (t>). For simplicity, 
suppose that each of the reaction rates is first order. Then at the steady state, 
the differential equations (i) reduce to : 

~ 5 ) - k^d -i- k^'b = o 

rf,{b'^ — b) + k^d — h/b — hji) -f — o, etc. 

Summing these equations over all the n species : 

n 

2 ^ O, or 2 == 2 )'.i. . . . (9) 

i=-a 

The expressions for the rates of the chemical changes have thus disappeared 
in the summation, and the same would clearly have been true whatever the order 
of the reactions. Suppose now that the external concentration of one of the 
species, J, changes by an amount Bf. From eqn. (9) we obtain : 

•'.if = 2 . 

For simplicity suppose that all the r’s arc identical, so that Bf = £Bi. 

The external change thus causes an equal change of the internal compositicgi, 
but this internal change is distributed to varying degrees over all the u com¬ 
ponents. It tends to be largest for the species, J, which is directly affected,♦ 

Gerard, Cold Springs Harbor Symposia on Quant. Biology, 1936, 4, 194. 

Spiegelman and Reiner, Psychometrika, 1045, lo, 27. 

Hecht, J. Gen. Physiol., 1924, 7, 235 ; 1927, 11, 255. 

* There is also a tendency for the disturbance to accumulate at any point 
of the chain at which a low velocity constant causes a resistance, or at one end 
of the chain if the velocity constants are all much greater in the one direction 
than in the other. 
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but for long chains the ratio, Sy/S;®, of the internal and external changes of 
may be shovm numerically to be quite small. The system has thus a kind of 
buffer capacity and its ability to maintain approximate constancy, in the face 
of changes in the environment, is higher the greater the number of interlinked 
reactions. 

(c) Other Properties of the Steady State. —In Part I it was shown that 
the continuous process can sometimes be used to give a higher yield than can be 
achieved in a static system. This occurs with those types of reaction, for ex¬ 
ample, nitration, which give an optimum yield at one particular condition of 
the medium. A flow process, of the type discussed above, can be adjusted so 
that this optimum condition can be maintained as a steady state. 

Enzyme reactions are of the same t5pe and usually require a closely controlled 
value of the pK. In the enzymatic hydrolysis of an ester, acid is released and, 
in a static system, the pn tends to change. In a continuous reaction system, 
on the other hand, the pn can be permanently maintained at its optimum value 
if the rate of outflow of hydrogen ion is properly adjusted to its rate of production. 
It seems probable that an important aspect of flow in living systems is its ability 
to give rise to a steady state of optimum efficiency, despite the occurrence of 
reactions which, in the absence of flow, would tend to reduce the efficiency. 
Factors of this kind may contribute to the ability of cells to synthesise substances 
of low stability. 

Another important property of a continuous reaction system is that it is an 
energy transformer and may be compared to a continuously operating machine, 
such as a heat engine. Energy can be withdrawn from the system at a steady 
rate, at the expense of the inflowing reactant but without change of the system 
itself. 

In chemical industry the energy liberated in a continuous reaction process 
is normally obtained as heat. Under favourable conditions a part of the chemical 
energy may be obtained in a more useful form. For example, Teorell and 
Meyer have shown how the continuous flow, across a membrane, of ions of 
unequal mobility, can give rise to a steadily maintained e.m.f. Straub and 
Brooks have suggested that it is the continuous production inside the cell 
of hydrogen and bicarbonate ions, and their subsequent diffusion across a mem¬ 
brane, which is the cause of bioelectric potentials. 

For biological purposes the continuous reaction system is superior to a machine 
in that it possesses also an internal capacity, due to the buffer action discussed 
in the previous section. For example, consider a long sequence of reversible 
reactions involving, say, glucose residues or amino acids, taking place in a cell 
which is normally at a steady state of continuous reaction. Any sudden change 
of respiratory activity may cause greatly accelerated addition or withdrawal 
of material at either end of the chain. Large amounts of energy can thus be 
absorbed or released, but without appreciable change in the concentrations of 
any of the species. The steady state system may thus be compared to an 
accumulator which is capable of charge or discharge with little change of voltage. 


III. Transitions between Steady States. 

(a) Theory.—During a process of change in a continuous reaction system the 
steady state condition (3) does not hold and the progress of the system can only be 
determined by solution of the basic differential equations. This solution has been 
carried out by Burton * for the case of a single first-order reaction, B, The 
present authors have extended Burton's treatment of this case and have made 
some progress towards a rather more general solution. The mathematical work 
is presented in the Appendix. 

Consider a sequence of n — i first-order reactions involving n species, as 
discussed in the previous section. The expressions for the time dependence 
of the concentrations are the eqn. (5), n in number and each of which contains 
n exponential terms. The exponents A are always real and positive, indicating 
eventual approach to a stable state. On the other hand, there is no such limita¬ 
tion on the signs of the coefficients fi. If, for one of the species, J, the signs of 
the terms in eqn. (5) are alternatively positive and negative when ^e terms are 
placed in the order of increasing numerical magnitude of A, then the particular 

” Teorell, Proc. Nat. Acad. Sci., I935> 152 ; J. Gen. Physiol., 1937, 21, 107. 

Meyer, Helv. Chim. Acta., 1937, ^ 34 - 

Straub, Trans. Faraday Soc., 1930, a6, 673. 

Brooks, The Permeability of Living Cells (Berlin, 1941). 
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concentration may pass through « ~ i maxima and minima before the steady 
state is attained. 

The cause of these maxima and minima may be appreciated as follows. 
The steady state requires that for eve^ species in the system algebraic 
sum of its flux rates is equal to zero, as in eqn. (3). However, during a process 
of change in the system it may occur at a particular moment, that the sum of the 
flux rates is zero for one of the species J, but not for the others. When this 
takes place djjdt becomes momentarily equal to zero and the particular con¬ 
centration j passes through a maximum or a minimum. 

If the various parameters of the system are known, the differential equations 
can be solved numerically and the concentrations of the species plotted as a 
function of time. Fig. i and 2 show curves of this type for tlie first-order 
reactions A B and A ^ B ^ C respectively, using arbitrarily chosen values 
of the coefficients k and r and of the external *’ concentrations, a°, b° and 
In these curves the ordinates represent the difference between the concentration 
of one of the species at time t and its concentration at ^ — co, i.e. at the steady 
state. The latter is therefore represented by zero ordinate. The curves as 



Fig. I. —Transitions between steady states of the reaction A ^ B. 
(Aj = I, A* = 3, Ml as shown, mb = 10 “ ^1) 


shown are for the final state being at a lower concentration than the initial state. 
In the reverse case the corresponding curves are obtained by rotation of the 
figures through 180° about the time axis. 

The curve (a) of Fig. i is the type discussed in Burton’s paper and is described 
as showing “ overshoot ” since, during the course of the transition, the con¬ 
centration passes beyond its final steady level. The curves (c) and (d) of Fig. i 
do not emerge from Burton's analysis. They may be described as showing 
*‘ false start,” because the initial change of concentration is in a direction opposite 
to that of the final steady state. 

The same phenomena are evident in the curves of Fig. 2, for the case of two 
consecutive first-order reactions. In addition there is the possibility that^ the 
concentrations of one of the reacting substances may show both a maximum 
and a minimum in the same transition, as in curves 2a and 2c. 

The curves may apply to any of the reactants, but it is to be noted that all 
the reactants do not follow similar curves in the same transition. For example, 
in the case of the single reaction, if one of the reactants follows curves such as la, 
1C or id, which have maxima and minima, then the other reactant follows the 
simpler type of curve 16. Similarly, in the case of the double reaction, in any 
transition only one of the reactants is able to follow curves such as 2a or 2C, 
which have both a maximum and a minimum. 
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In accordance with the view that physiological response may be related to 
the transitions between steady states in living cells, Burton has compared his 
overshoot curve with a variety of vital phenomena in which the same effect is 
observed experimentally.* Curves of the types 2a and 2C seem also to be obtained 
occasionally in the study of physiological phenomena.! The mechanism of the 
observed effects may, of course, be quite different from that which is considered 
here. It is useful to show, however, that the maxima and minima of the theor¬ 
etical curves may be obtained at periods of time, as reckoned from the initial 
disturbance, which are of the right order of magnitude for application to 
physiological response. For example, if we consider the case of the irreversible 
reaction, A -> B, it follows from the treatment given in the Appendix that the 
time / at which the concentration of B reaches a maximum or minimum, in a 
transition due to a change in k, is given by : 

t = .(IX) 

^ -f ^ ^ 

The value of y, for the case of transport by diffusion, is usually quite small 
and of the order lo"^. The k'^ may be large, however. For example, in the 
study of the reaction HgCOg-^ CO2 -h HgO, Houghton obtained k = ii*i. 



Fig. 2.—Transitions between steady states of the reaction A B ^ C, 

(Ai == I, A2 = 3 » ^3 == ^)- 

Ila == 5, /xa = — 30. M3 = 35 - 

, II6 fXj = “lo, fia “ A^3 ~ 

lie — —10, fia — 40» ~ —20. 

lid /xi = 20, /ia = — 5» /1X3 = — 5. 

at 18° c. Substituting k ~ ii*i and y^ — y^~ io”* in the above expression, 

f = 1*05 sec. 

The physical causes of the various types of transition may be understood by 
considering the change in the flux rates during the course of the transition. 
The following example refers to a particular case of " false start.” Consider 
a change from one steady state to another in the system A ^ B, caused by an 
increase of and a decrease of Before the transition we have 

Y^[a^ — a) = Aa — Wb = Yj,(b — b°) 

where a® > a and b b°, corresponding to flow and reaction in the direction 
b°. The three flux rates of the above equation may be denoted 
Fi, Fa and respectively. As soon as a® is increased and b^ is decreased we 
have Fi > F,, Fj > Fj. The internal concentration of A rises and that of B 
falls. However, the reaction rate. Fa, quickly accelerates and at a particular 
moment it can occur that Fj — Fa, Fj > Fa. Hence dajdt = o and the con¬ 
centration of A is at a maximum. The internal concentration of B is still falling 

♦ Curves showing overshoot have also been obtained by Bosworth in an 
experimental study of ” thermal inductance.” NatUYe, 1946, 158, 309. 

t See, for example, Lovatt Evans, PYinciples of Hufnan Physiology, 9th ed., 
p. 919. 

Brinkman, Margaria and Roughton, Phil. Trans., 1934, 332, 65. 
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and this causes subsequent fall in the concentration of A. If the decrease in 
6® is considerably greater than the increase in a°, the final steady level, d may 
be appreciably lower than its original one. The curve of the change of con¬ 
centration of A is then as shown in Fig. id. The concentration of B has, at the 
same time, passed along a curve of the type ib. 

During transitions of this kind it is also possible for the overall direction 
of reaction to reverse itself. This occurs, for example, in the transition between 
steady states of the system A ^ B which is described by the following parameters : 

— I, = 3, k ~ 4, A' = 3, a® (initial) = 9, a'^ (final) — 6, b° (initial) = o, 
b° (final) = 6. The direction of reaction is A-> B in both the initial and final 
states but for a short period, between t — 0*25 and t — 0*5, it is the reverse. 
This is a mass action effect, not in any way contrary to thermodynamics, and 
is due to a temporary state of inward flow of B, wdth resultant excess of this 
component. The main point of interest in this example is that it shows the 
possibility of anomalous thermal effects during transitions in steady-state systems, 
e.g. of a normally exothermic process giving ri.se to a short period of heat ab¬ 
sorption. 

The various conditions which must be satisfied for the occurrence of false 


start or overshoot arc discussed in the Appendix. For the present it is sufficient 


to say that transitions due to a change in 
k and k\ in the system A ^ B, do not 
give rise to false start, but do give over¬ 
shoot if the transfer coefficients, and 
of the two species are unequal, (This 
condition would not be satisfied if the 
transfer process were by mass flow, for 
in this case, as shown previously, the 
coefficients r are the same for all species.) 
On the other hand, a transition due to 
simultaneous changes in a° and can 
give rise to either overshoot or false start 
and without the necessity for inequality 
in the r's. These phenomena are thus 
able to occur in an industrial reaction 
system and may be related to w^hat is 
known as “ hunting." 

(6) Experimental Study of some 
Transitions. — Experimental demon¬ 
stration of the curves showing overshoot 
and false start has been obtained in a 



Fig. 3. 


simple chemical system. The reaction 

which was used for this purpose was one in which potassium persulphate acts as 
an oxidising agent : 


KjSjOg + HgO-> KgSOg -f HgSO* + O. 

The oxygen acceptor which was found most convenient was glucose. The 
reason for choosing this reaction was twofold : (i) the reaction is catalysed by 
silver ion, so that change from one steady state to another could be caused by 
addition or precipitation of the catalyst, (2) the reaction could be followed con¬ 
veniently by titration of the sulphuric acid which is liberated. The reaction 
system, when set up continuously, may be represented as follows : 


Source Reactants Products Sink. 
1 2 3 


Now for demonstration of overshoot by change of velocity constant it is necessary 
that the transfer coefficients, y, for processes i and 3, shall differ appreciably. 
It was at first hoped that this might be achieved by choosing reactants and 
products having a large difference of diffusivity. Finally, however, the reaction 
system described above was chosen and the difference of the coefficients was 
obtained by passing the inflow and outflow through porous barriers of greatlv 
different area. The reaction vessel consisted of a porous pot, A (Fig. 3), standing 
in a tank B through which there was a steady flow of water. Supported in the 
neck of the pot was a grade 3 sintered-glass filter, C, closed at its upper end by 
a bung which carried inlet and outlet tubes. An M./4 solution of glucose was 
supplied to C at a constant rate from a Mariotte bottle. A saturated solution 
of potassium persulphate was simultaneously supplied at a slow constant rate 
direct into the porous pot from a second Mariotte bottle. The two diffusional 
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autocatalytic reaction A B, taking place in a system in which there is a steady 
supply and removal of A and B. The differential equations are 

^ =»= r„(a° — a) — Aab, 

^ = ^(6“ - 6) + iai 

The steady state concentrations d and 6 are obtained by setting the differential 
coefficients equal to zero. Solving for b between these equations we obtain the 
quadratic : 

-t- b(r„ri, - r^ka^ — rj,kb^) ~ = 0. . . (17a) 

There arc thus two possible values for h and to each of these there is a correspond¬ 
ing value of d, as given by : 

— d) 4- rf,{b° — fo) = o.(176) 

Now the only concentrations which have physical meaning are those which are 
real and positive. VVe can therefore apply to the quadratic the familiar con¬ 
dition for real, positive roots. When this is done it is evident that three physically 
distinct cases can arise : 

(i) If is greater than zero the equations have a single solution. This 
solution corresponds to finite values of both d and b. By graphical integration 
of the original differential equations it can be shown that the system does, in 
fact, tend to approach these values which therefore correspond to a stable state. 

(2) If b° is zero and ka° < the only solution is 7 > = o, a = This 

corresponds to a stable state of zero reaction. 

(3) If 6® is zero and ka° > the equations have two solutions. The first 

is i — o, a = a®, as in case (2) above. The second is b — and 

d = rt,lk. 

The physical significance of these three cases is quite clear. The first 
corresponds to an ordinary steady state, such as has been discussed previously, 
and which is gradually approached as the system settles down. The second 
also corresponds to a stable state, but is one of zero reaction. Thus, if any of 
the autocatalyst B is injected into the system, reaction will occur for a short 
period but will slowly die out due to B passing out of the system more rapidly 
than it can be formed. (In the absence of B no reaction can take place.) The 
third case is the most interesting for it shows the possibility of two alternative 
steady states of the system. Of these the one corresponding to a = a°, 6 = o 
is unstable. For, inserting a — a° and 6® = o into the original differential 
equations, we obtain dbjdt = — r^) ; thus, since the least amount 

of the substance B in the system will cause dbjdt to be positive, so that the con¬ 
centration of B will increase. The solution corresponding to 6 ~ o can thus 
be maintained only for as long as there is no accidental entry of the substance 
B into the system. 

As a possible application of these results consider the autocatalytic reaction 
A B as occurring at the point of branching of a metabolic process : 



For the sake of the illustration the process A Q may be regarded as the normal 
route and the process A ->• C as a route deleterious to the organism. The auto¬ 
catalyst B is thus a poison. 

If the conditions of case (3) above are satisfied, the reaction A--> B-*- C may 
occur either at a finite rate or not at all, according to whether or not the substance 
B is present in the system or its environment. The least trace of the poison is 
thus able to cause a switching of the metabolic process to the route A-> C and 
once it has occurred it continues indefinitely. On the other hand, if the con¬ 
ditions of case (2) are satisfied, the entry of a quantity of B causes only momentary 
reaction in the direction A-> C. The system in this state has thus tolerated 
the poison, a condition only made possible by the state of flow. 

V. Discussion. 

Our purpose above has been to survey those properties of open reaction 
systems which are consequences of the simple laws of chemical kinetics. It is 
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for the biologist to consider whether these properties have a bearing on vital 
phenomena and to indicate the directions in which the simple models which 
have been discussed need greater elaboration. We conclude by summarising 
the very general properties of an open reaction system which seem to make it 
at least a necessary part of the mechanism of living things. 

Chemical reaction can take place only for as long as there are differences of 
chemical potentials. In the closed system the effect of reaction taking place 
is continually to reduce these potentials and thus to exhaust the system. The 
output of chemical energy therefore falls practically to zero after a certain period 
of time. Moreover, the only stationary state which is possible is that which 
occurs when reaction has cea.sed, i.e. when the system is " dead.” In biological 
terms the closed system would thus allow neither of development during youth 
nor of approximate constancy during maturity. 

In the open reaction system, on the other hand, the effect of the transfer 
processes is to replenish continually the reactant material. The time scale of 
an energy-yielding process is thus extended indefinitely, or at least for as long 
as the differential transfer across the boundaries is able to take place. The open 
system also allows of the possibility of a stationary state whilst the output of 
energy continues to take place, diic to the balance of the transport processes and 
of the internal reactions. In this respect it is like a machine and is able to perform 
energy transformation at the expense of the environment, but without departing 
from its own internal constancy. 

Summarising : 

(a) The properties ol the open reaction system provide the organism 
with a greatly extended time scale, with the possibilities of development 
and of approximate constancy during maturity. 

(b) From a thermodynamic point of view the continuous reaction 
system is not isolated. It is therefore not prevented from increasing 
its degree of organisation at the expense of a degradation of substances 
which flow through it from the environment.*® As pointed out by Reiner 
and Spiegelman,*’ the increase of entropy due to the diffusional flow 
alone may be sufficient to compensate the entropy decrease of synthetic 
reactions. 

(c) The open reaction system is able to adapt itself to changes of its 
surroundings. Quite large changes of environment may take place without 
the need for more than a small internal readjustment. 

(d) Although the general behaviour of the open reaction system is 
that of a maintained steady state, there is also a mechanism which allows 
of variety in its behaviour under stimulus. This variety consists in the 
complex changes which are able to take place during the transition of the 
system between one steady level and another. 

In conclusion we wish to express our thanks to many of our colleagues 
at this laboratory for the benefit of stimulating discussion. 

Summary. 

Earlier studies on continuous reaction have been extended, and a general 
survey is made of the properties of reactions in ” open ” systems, with possible 
appli^tion to the living cell. Conditions for the establishment of a steady state 
are discussed and also some of its characteristic properties. The form of transi¬ 
tions between steady states is evaluated for certain cases and the phenomena 
of ” overshoot ” and ” false start ” have been demonstrated experimentally. 
The anomalous behaviour of autocatalytic processes is also considered. The 
paper concludes with a brief discussion on the possible significance of open reactiojQ. 
systems in living creatures. 

7. C. 7. Ltd., 

Butterwick Research Laborataries, 

Welwyn, 

Herts. 

In this connection, see Butler, Nature, 1946, 158, 153. 

Reiner and Spiegelman, /. Physic. Chem., 1945, 49, 81. 
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Appendix. 

II. Transitions between Steady Stages of a Single First-order 
Reaction. 

The appropriate differential equations are eqn. (7) above. At the steady 
state these reduce to 

(r^ + k)d -f k'b = o, etc. 

Putting OL ~ a -- d, p ^ b --b, the differential equations can be expressed 
more conveniently as : 


da 

Tt 

dt 


== — {*'„ + A)a + k'P 

= Aa - {r, + k')P 


Integrating, we get 




(18) 

(19) 

( 20 ) 

(21) 


P = + fijje" 

where the /x’s are constants of integration and Aj, A* are the roots of 
A^ ~ ^ 4- -i- k')X 4- 4 - hk 4- r^k') = o. 

By inspection, and comparison with the equation 

^2 _ (^a 4 “ ^ 4 " ^6 ^ 4 " (^o 4 " 4 * == 

Ai and A a are both real and also 

('♦'a 4- ^ A 

o <! Ai <C 4 >• ■< Aa> • • 

Ub 4- Af'J 

where Aj is taken as the smaller of the two roots. 

The constants of integration, p,, are obtained from (i8) and (19) as follows 

•JJ = {— i^a 4 - 4* 4- l^a 4- ^)M2a 4- 

= - - Aj/itoe-*** 

••• ^'Mlb = {^a 4- ^ - Ai)/*ia> 

= — (Ag — >^0 

At / = o put a — ao and p = Pq. Hence from (19) : 

ao = Mia 4- M2a. ^0 == Mib 4- M2b 

(Aj ~ f'a — ^)ao 4- k'Po \ 


.}■ 


Mia = 

M2a = 


Aa Ai 

(rg+ft-^ Ai)ao - k'Po 

Aa~Ai 


And similarly 


Mbi = 


4* (Aa — ^b — ^ )Po 


A,~Ax 


_ Aa© 4- (^b 4- Ax)^o 
'‘“ =-- 


(22) 

(23) 

(24a) 

(246) 


It is to be noted that all the bracketed terms of equations (22), (24a) and (246) 
are positive. 


Condition for Overshoot. 

For overshoot in a, a must change sign during the transition, as may be 
seen from Fig. i. This means that for large values of t, a has the opposite sign 
from a©. When t is large, is small compared with (since Ai < Aa)i 
so that the sign of a, after a certain time, is the same as that of Iherefore 
there is overshoot in a if /uiq and a© have opposite signs, or similarly in 6 if fq© 
and j 5 o have opposite signs. 

If a©* pQ Jiave the same sign, (24a) and (246) show that and fq© have that 
sign also, and there is no overshoot. 
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If olq, Po liave opposite signs, since (22) shows and to have the same 

sign, there should overshoot in either a ox h. The overshoot is in a if 
takes the sign of p^, i.e., if 

(A, - ^ - ^)|ao|<^'|?ol.(25a) 

The overshoot is in & if 

(A,-r.-^)|ao|> A'liSol.(256) 

There is no overshoot if 

(A, - ^ I a,| = ft' I /r«| . . . . (25c) 

as this causes /*ia and to disappear, leaving a and p as single exponential terms. 


Condition for False Start. 

A false start in the concentration of A means that initially the absolute value, 

I ao |, increases—i.e. ao and ha,ve the same sign (see Fig. i). Then 

— (fa 4- A)ao + k'pQ has the same sign as ao- This can only occur if a© and po 
have the same sign and 

ao . k' 


Similarly, there is false start in 6 if 


^.'^i'a + ft' 


(26a) 


(266) 


Po^ k ' 

These two conditions are incompatible, so that there can never be false starts in 
both a and h. 

.... O&l 


If 




neither a nor h shows false start. 


Transition from One Steady State to Another. 

Change in /c’s.—Suppose A, k\ were initially K, K\ Then using eqn. (8), 
tto is the value of d obtained using K, K\ minus the value obtained using the final 
values k, k* and similarly for p^. It is found that 

Thus olq, p^^ have opposite signs and there is overshoot in a or 6 unless eqn. 
(25c) holds. 

li ^ ^lool == Poland 

(At - ya ~ I ao I ~ A' I ft I -= A, j ao I - (r^ + A') ; ft | - A j ao' 

•••(A.-r^-AjlaJ -*'|Al|r(A.-»»-ft')l^.l -ftKI . (27) 

according as | ao 1 =:1 ft |, i.e. f* 

From (20), A,* — Xt{r^ 4- A + + A') 4- (^'a 4- A)(fo 4* A') == AA'. 

(A, - — A) : A' = A : (A, - A'), so that {(A, ~ ♦'a — I aol - A'; ft|} 

is a negative multiple of {(Aj - — A') | ft | — A | ao | }• The two quantities 
of inequality (27) are therefore of opposite sign, so that o lies between them. 

y >* 

Therefore (A* — — A) | ao | — A' | j5o | = o according as i.e., from 

conditions (25a, 6, c), there is overshoot in a, no overshoot, or overshoot in b 
according as > fj, < r*. 

Thus the existence of overshoot is independent of the type of the changes 
in A's. 

Changes in r’s, or External Concentrations. 

By similar calculations, it is found that if r^, are changed simultaneoiisiy 
in opposite directions, or if a®, 6® are changed in the same direction, a and b 
both show simple curves (type 16). 

Like changes in r^, tf,, or unlike changes in a®, 6® give ; (i) false start in a 
if r^ (or a®) changes considerably less than (or 6°) ; (ii) false start in b if 

(or 6®) changes considerably less than r^ (or ; (iii) overshoot in either a or A 
if the two changes are more nearly of the same absolute magnitude. Roughly 
speaking, the overshoot is in a if (or a®) changes rather less than r^, (or A®), 
but the boundary point is defined by a fairly complicated relation which includes 
the parameters which do not change as well as those which do. 
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II. The Transitions of Two Successive First>Order Reactions. 


I , i i 

A ^ -B -C 

, h' k'c 

da 

_ = - (r, + AJa + A/6 

dJ 

gj — + A„a — {r^ + Aj + Aj')6 + Aj c 

dc 

37 = + >>i,b - (fc + 

As in the single reaction, these give 

5 _ {(>•» + + */)(>■. + A/) - A,A/}r„a° + A/(>-, + A/)r,&° + h'k,'r,c'‘ 

+ KWt, + *» + h'W, + A/) - A,A/(>'. + A„) - A.Aj'ir, + A/) ' 

6 = + K + Aa)(ye + + hf(r^ + A,)r,c° 

(''a + *<.)(»'»+*6+V)(>'«+A/)-M/(»'a+Aa)-*aV(»'c+*.') ’ 

- ^ ^a Vaa° + +{(>'.+ ft,) (>'6 + 

{•'a + + VX^ + A/) - *»*/(>•. + Aa) - A.V(»'c + V) ' 

Also, putting a==a+a, 6 = 6 +/ 5 , c = c + yas before, differential equations 
in a, Y 3.re obtained which may be integrated to give : 

a - fij.e-'*' + + Ms.e"'**' 

and similar expressions for )3 and y, where Ai, A2, A3 are the roots of the equation : 

A®— + + ^6+^/+^e + ^/)A^ + {(*'6 + + (^c+ ^e0 + (♦'e + ^/)(’'o + ^a) 

+ i^a H- K) + ^6 + ^h') ~ A - { (Va 'f- K) 4 * ') (»'c + ^/) 

~Mb'(^ + V)-McVa+^o)} = O- 

It may be shown that this equation has three positive real roots, and if 

Ai < Aa < A3, 

ffa + *. 1 

o < Ai < "I r, + A, + A,' I < A, 

and A a lies between (r^ -f k^) and (r^ -|- kj). 

Each of a, j 3 , y is the sum of three negative exponential terms. Each may 
show a maximum and a minimum, or one of these only, or neither, according to 
the magnitudes and signs of the coefficients (the /x's). A necessary, but not suf¬ 
ficient, condition for a maximum or minimum is a change of sign in adjacent 
coefficients (e.g. there may be maximum and minimum in a if •“ ve, fi2a + ve, 
M3 o ~ ve, whereas only a minimum may occur if is — ve, /xao + ve, 4- ve, 
and there can only be a simple curve if /Xjo, fi^a have the same sign). This 
may be seen by considering the comparative sizes of e”^** as t 

increases, or may be proved (rather arduously) by finding conditions for the 
sums of the exponentials to be zero. 

It is found that /Lqj, flip, fiic always have the same sign, fi^a, Mic always have 
opposite signs, while fi^a is like fx^t and unlike fi^i,. This means that the signs 
of the fis always follow one of three definite patterns. 


I. 

a 

+ 

^1 

Ms 

4 

2 changes of signal 

ro change of sign 


P 

4 - 

± 

— 

I change „ ^ or 

•[ I change ,, 


y 

+ 

4 


o change „ J 

\2 changes ,, 

II. 

a 

+ 

± 

— 

I change „ 



P 

+ 

+ 

4 - 

o change „ 



y 

■f 

T 

— 

I change „ 


III. 

a 

+ 

± 

— 

I change of sign 



P 

4 - 

— 

4 - 

2 changes „ 



y 

4 

4 

— 

I change ,, 



(These patterns are held to be the same as those where -f and — are interchanged 
throughout.) 

Thus only one at the most of a, p, y can show maximum and minimum, which, 
as has been stated, is due to two changes of sign of the corresponding /x's. 




THE ABSORPTION OF ORGANIC VAPOURS BY 
THIN FILMS OF POLYSTYRENE. 

By E. C. Baugh an. 

Received 2%th March, 1947 . amended i^th June, 1947 . 

This paper presents measurements of the vapour-pressure equilibrium 
of organic vapours absorbed by thin films of polystyrene. The technique 
consisted of weighing thin films of the polymer, on suitable supports, at 
measured vapour pressures of the low molecular component; these were 
obtained by solution of the non-volatile compound butyl sebacate. The 
apparatus could not give temperature coefficients sufficiently precisely ; 
results are therefore confined to free-energy data at one temperature 
(20^^ c.), but cover several vapours ranging from those of liquids (benzene, 
toluene, w-xylene, CCI4, butyl acetate, dioxane, diethylketone) in which 
polystyrene dissolves (at 20"") to those of liquids (cyclohexane, propyl 
ether, nitromethane) in which it will only swell. The experiments w^erc 
done in the I’hysical-Chemistry Institute of Copenhagen University during 
1937-38 ; at that time similar data were available for the systems nitro¬ 
cellulose-acetone 2 and nitrocellulose-cyclohexanone ® also at one tem¬ 
perature. Such systems are, from their polar nature, difficult to interpret ; 
this earlier work showed, however, that hysteresis could be made negligible 
by using thin films, and this conclusion is verified in this present paper. 
Since that date, comprehensive data on free energy, heat content, and 
entropy over wide concentration ranges have been published only for 
the single system rubber-benzene.^ The theory of such solutions, however, 
has been greatly advanced in terms of the entropy effects possible for a 
flexible molecule occupying points in a fixed lattice. In this paper, 
therefore, the experimental results are first presented, and then discussed 
in the light of these modern theories. 


Experimental. 

Apparatus. —A bulb X, placed in a thermostat at 20°, contained solvent plus 
butyl sebacate. This could be connected by mercur^’^ cut-offs to an electro¬ 
magnetic balance, a manometer system, and a mercury pump. In the mano¬ 
meter system there were two instruments (a) a simple U-tul)e mercury mano¬ 
meter for higher pressures, (b) a Bodenstein spoon gauge coupled to a butyl- 
sebacatc manometer for the air side ; this was used for lower pressures. For 
both instruments the vacuum side was exhausted anew before each run. 

Fig. I shows the balance. The knife-edges were of hard steel, the beam A 
of aluminium, C is a piece of soft iron screwed on to the beam ; underneath it, 
clamped to the glass tube, was an electromagnet. Current through this at balance 
was read on a galvanometer. At the other end of the beam was a hook H. 
Below this dipped into the thermostat a long side tube in which the polystyrene 
films were hung from H by a platinum wire. The balance also was fitted wdth 
an adjustable screw lock-nut rough compensator (B, D), and a brass plate with 
stops (E) to restrict swing. The knife-edge support was fixed by an expanding 
collar in the glass side-arm under F ; this was then sealed off and fixed rigidl^t 
by plaster (G) as a support for the whole balance-case. Access to the balance 

1 A preliminary summary of this w^ork has been presented to the Faraday 
Society's Discussion on Swelling and Shrinking in 1946 (Trans. Faraday Soc', 
1946, 4 ^B, 49) as a comment on a paper by Gee (ibid., p. 33). The discussion on 
Gee's paper (ibid., pp. 44-50) is relevant to several points in this present paper. 

* Schulz, Naiurwiss., 1937, aa, 346. 

* Boissonnas and Meyer, Helv. Chim. Acta, 1937, 783- 

* Gee and Treloar, Trans. Faraday Soc., 1942, 38, 147; Gee and Orr, ibid., 
1946, 43, 507. 
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is possible through the grinds K, I; to get at K the thermostat must be moved, 
so a special small tank was necessary. 

The point of balance was obtained as the limit between those currents for 
which the beam came to rest at the upper stop and those for which it came to 
rest at the lower stop ; the beam could easily be made to swing by gently tapping 
the balance case. The calibration was done by hanging a sm^l pan and weights 
from the hook H ; some 30-40 points were taken for each calibration. It was 
found that the square of the balance current was a linear function of the weights 
added ; the slope of this graph being constant to within i % for successive 
calibrations of which four were done at roughly two-month intervals. The 
lock-nuts D were always so adjusted that zero of a run corresponded to about 
one-third of the full current; under these circumstances no trouble could be de¬ 
tected from magnetic hysteresis, which would, of course, show itself as a shifted 
zero for each fresh up point, and for each fresh solvent. Magnetic weighing had 
not, as far as I am aware, been used before for this type of work. I am indebted 
to one of the Referees of this paper for pointing out that Blewitt * has since 
used magnetic technique for other high-vacuum work. By using light balances 



Fig. I. 


of quartz rod, he was able to obtain higher accuracy (i 0*05 mg. or so) at the 
cost of very greatly increased difficulty in determining the point of balance. 
He also found, for a balance where the force is applied by an electromagnet acting 
on an iron rod, a linearity between w'eight and square of current applied in agree¬ 
ment with the present results. 

The whole apparatus contains no taps on the vapour side and only three 
grinds. One, connecting the solvent bulb X, was not greased but protected 
by a mercury seal. The other two (K, I) need greasing, and considerable trouble 
was experienced. Phosphoric acid greases and mixed phosphoric-boric greases • 
stuck very badly. Finally the outside halves of the grinds were greased with 
ordinary tap grease, and the inside halves with a 25 % w/w lithium chloride in 
glycerol previously fractionated in vacuo. This was very satisfactory as a grease, 
and could be completely softened in a few hours by letting water vapour into 
the balance-case. It is extremely hygroscopic and so was kept over P1O5, and 
all air entering the apparatus was also dried. 

Polystyrene. 

Kahlbaum reinst styrene was polymerised under various conditions, and 
fractionated by adding alcohol to benzene solutions so as to split the liquid into 

^ Rev. Sci. Inst., 1939, 10, 231. 

« Boughton, J. Amer. Chem. Soc., 1930, 52, 2813. 
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two phases of nearly equal volume. Films I and III were then made on the out¬ 
side of ^lass cylinders (surface about 30 cm.*) by rotating them slowly in a trough 
contaimng the polystyrene dissolved in benzene. It was found that 3 % w/v, 
2-5 R.p.M. were about the best concentration and rotation speed, and that it was 
essential to blow warm dry air over the still rotating film for an hour or so to avoid 
blisters on evacuation. 

In making Film II this method failed owing to the lower viscosity of the 
solutions ; a more or less even film was obtained by allowing a dilute benzene 
solution to evaporate in a set of little brass trays fixed round a central rod. 

Molecular weights for these fractions were estimated by measuring their 
specific viscosity in benzene solutions at several concentrations and extrapolating 
to infinite dilution (Staudinger’s rule). These measurements agreed well, in 
general functional form, with those of Staudinger and Heuer ’ from whose 
comparison with osmotic data one can estimate the molecular weight of the 
films used to be : Film I, 500,000 ; Film II, 20,000 ; Film III, 200,000. 

Solvents. 

All solvents were commercial reinst or zur analyse specimens except «-dipropyl 
ether, made from the alcohol using benzene-sulphonic acid as catalyst, and 
w-octane and toluene, which were synthetic samples prepared some years pre¬ 
viously in the Institute (a commercial a.r. specimen of toluene gave irregular 
and irreproducible results). Tliey were washed, dried with appropriate agents 
(PjOj, Na, CaClg, anhydrous KjCOj), fractionated, and middle-fractions boiling 
over less than half a degree (ollected ; the boiling points and freezing points 
(benzene, cyclohexane, dioxane) agreed well with the values in the literature. 

One minor point is worth mentioning here : an experiment was started 
using ethylene dibromide. After a few hours it was observed that a fine white 
deposit, show’ing marked Liesegang rings, had formed up the glass walls above 
the mercury in the cut-offs. This product darkened in the light but could be 
completely removed by evacuation and warming. This reaction does not seem 
to have been observed before. No further attempts were made, therefore, to 
measure the adsorption isotherm with this solvent. 

Procedure.—The film was hung from hook H. the thermostat lifted into posi¬ 
tion and the apparatus evacuated by a water-pump until the vapour pressure 
of the solvent was almost reached. The bulb cut-off w^as then shut and the 
rest thoroughly evacuated with the mercury pump. The balance was then shut 
off, and the bulb cut-off opened ; solvent then distils into a C'Og trap and the 
residual air coming through can be seen in a Geis.sler tube. Evacuation was 
continued for 5 min. after this discharge bad once more disappeared. 

Experiments were then begun : by evacuating the bulb alone the butyl 
sebacate can be made more concentrated, and so points for diminishing vapour 
pressure obtained (down points). For up points the film was re-exhausted to 
its original weight; this usually required its removal and evacuation at 80-90®. 
By adding more solvent to the bulb and repeating the procedure a second up- 
point can be obtained. That this procedure does not affect the film was checked 
at the end with Film I (used for ii solvents in all) by (a) repeating a few points 
on the benzene isotherm—the first done, (6) cutting it off with a razor-blade, 
and checking that its specific viscosity had not changed. Before each new 
solvent was used the weight of a film was checked to o*i mg. on an ordinary 
balance. 

In this technique the ascertainable errors of measurement are in the mano¬ 
meter readings and in the weighings. The first are only serious when the vapour 
pressure is near saturation ; the Hg manometer was read to o*i mm., and the 
butyl sebacate to 0*5 mm. The standard weighing error w^as estimated, from 
internal consistency of calibrations, to be 0*9 mg. The thermostat was set by 
a thermometer calibrated at the Physikalische Reichsanstalt in Berlin. 


Results. 

Table I gives the properties of the three films used and Table II shows, 
for the solvents, their vapour pressure as measured at 20°, their density 
(from Beilstein) at 20®, their boiling point, and the value adopted for their 
“energy density “ at 20® (calculated as explained later). The vapour pressure 
for ethylbenzene at 20® was taken from the data of Guttman, Westrum, and 


’ Z, physik. Chem, A, 1934, 129. 
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PitjEer.* Measurements were not actually made with ethylbenzene ; the data 
are quoted only as giving its ** energy density 

TABLE I. 



Support. 

Weight of Film, 
mg. 

Approx. M. Wt. 

Mean Thickness, 
mm. 

Film I 

Glass cylinder 

61 *2 

500,000 

0*02 

Film IT 

Brass trays 

75*7 

20,000 

uneven 

Film III . 

Glass cylinder 

109*9 

200,000 

0*04 


TABLE II. 

Properties of Low-molecular Compounds Used. 


Compound. 

Vapour Pressure 
at 20 ® (cm. Hg). 

Density at 
20 ®. 

Boiling-point 

®c. 

•' Energy 
Density.*’ 

Benzene .... 

7-46 

0*878 

8o*i 

9*28 

Toluene .... 

2*i8 

0*866 

110*8 

8*98 

w-Xylene 

0*63 

0*865 

138"8 

8*90 

CCI4 .... 

9*12 

1-595 

76*8 

8*69 

Di «-propyl ether 

5-15 

0*736 

91*0 

7-50 

M-Butyl acetate 

0*84 

0*882 

126*5 

8*60 

Dioxane .... 

2.77 

1-033 

101*5 

10*10 

Diethylketone . 

2-75 

0*814 

102*7 

9*02 

Cyclohexane 

7*75 

0-779 

8i*4 

8*26 

Nitromethane . 

2*78 

1*139 

101*0 

I2*8o 

n-Octane 

1*09 

0*704 

— 

— 

(Ethyl benzene 

0*718 

0*867 

136*2 

8*83 


The results are given in Table III, showing the weight of solvent (column 2) 
taken up by the films at measured vapour pressures (column i) of the low-molecular 
compound. Colunm 3 shows the volume-fraction of solvent in the film, cal¬ 
culated on the assumption of additivity of volume, and column 4 gives the value 
of Vi calculated from Huggins' equation (see later). 

TABLE III. 

Benzene {po == 7*46 cm. Hg). 

Film I (Wt. 61 *2 mg.) 


Solent 
Vapour 
Pressure, 
cm. Hg. 

w 

Wt.of 
Solvent 
in Film, 
mg. 

Vi 

Vol. Fraction 
of Solvent 
in Film. 

i 

Vi 

(calc.). 

Solent 
Vapour 
Pressure, 
cm. Hg. 

w 

Wt. of 
Solvent 
in Film, 
mg. 

Vi 

Vol. Fraction 
of Solvent 
in Film. 

Vi 

(calc.). 

Up Points 



Down Points 



7-35 

88*9 

0-57 

0*68 

6*69 

44*0 

0*46 

0*47 

6*91 

56-4 

0*46 

0*50 

6-55 

41*0 

0*44 

0*44 

6*30 

34-5 

0-34 

0*39 

5-96 

27*0 

0-34 

0-35 

5-48 

19*4 

0*23 

0*29 

5-80 

24*9 

0-33 

0-33 

3*73 

7-9 

0*11 

0*16 

5-08 

14*8 

0*22 

0*25 

1*96 

4*8 

0*07 

0*07 

V53 

12*0 

0*19 

0*21 





3-95 

10*3 

0*17 

3-17 





2-51 

6*6 

0*11 

0*09 





1*65 

37 

0*07 

0*06 


* J. Amer, Chem, Soc., 1943, 65, 1246. 
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TABLE III ( conf ,). 

Film II (Wt. 75*7 mg. ; M.Wt. about 25 times smallfer than Film I). 


Pi - 

w . 

Vi. 

Vi (calc.). 

1 '■ 

w . 

Vt. 

Vi (calc.). 

up points 



Down points 



7*21 

94*8 

o*6o 

0*63 

6-83 

6i*9 

0*50 

0*49 

6*28 

41-3 

0*40 

0*39 

6*55 

55*8 

0*47 

0*43 

ro 3 

11*6 

o*i6 

0*17 

6*02 

37*9 

0*38 

0*36 

2-95 

7-5 

0*11 

0*11 

5*78 

32*0 

0*34 

0*33 

1-83 

5*4 

o*o8 

o*o6 

5*17 

22*2 

0*26 

0*26 





4*42 

i 8*5 

0*23 

0*20 





3*47 

13*4 

o*i8 

0*14 





2*27 

11*4 

0*15 

o*o8 


(Notejslight hysteresis.) 


Toluene. 

Film I (pQ — 2‘i 8 cm. Hg). 


Pi- 

W. 

1 

Vx (calc.). 

- i 

w, 1 

Vx. 

Vx (calc.). 

up points 



Down points 



2*02 

45*4 

0*47 

0*50 

1*93 

37-8 ; 

o '43 

0*43 

1*39 

13*9 

0*22 

0*22 

1*83 

31*5 1 

0*38 

0*37 

0*53 

4*3 

0*07 

o*o8 

1*75 

24-6 1 

0*33 

0*34 





1-58 

z8*8 

0*27 

0*27 





1*45 

i8*i I 

0*26 

0*23 





1*17 

7*7 

0*13 

0*17 





0*98 

5-6 1 

0*10 

0*13 





0*74 

4-8 1 

0*09 

0*09 





0*37 

3*2 j 

o*o6 

0*04 


Film III (Wt. 109*9 mg.). 


Pi - 

W , 

n 

Vx (calc.). 

Pi - 

W . 

Vx- 

Ki(calc.). 

Up points 



Down points 



2 *08 

107*7 

0*54 

0*59 

1*86 

62*6 1 

0*41 

0*39 

1*97 

75*2 

0*45 

0*46 

1*70 

47*1 

0*34 

0*32 

1*52 

34-6 

0*28 

0*25 

1*57 

37*0 ! 

0*29 

0*27 

0*57 

1*6 

0*02 

0*07 

1*39 

28*5 ! 

0*24 

0*22 





I *06 

18*0 1 

0*17 

0*15 





0*66 

13*6 

0*13 

0*08 





0*36 

10*3 

0*10 

0*04 


tM-XYLENE. 

Film I (N.B. pressures in cm. butyl phthalate ; po = 8*75 cm.). 


Pi- 

w . 

K. 

Vx (calc.). 

Pi- 


Vx, 

Vx (calc.). 

Up points 



Down points 


'‘t 

8*55 

70*5 

0*58 

0*63 

8*00 

54’6 

0*52 

0*50 

8*40 

66*0 

0*56 

0*59 

7-40 

39*9 

0*44 

0*40 

7.90 

417 

0*45 

0*48 

7*30 

3 i *7 

0-38 

0*38 

6*20 

20*5 

0*29 

0*28 

7 * 0 .; 

28-3 

0*36 

0*35 





6*50 

23*4 

0*31 

0*30 





5*6o 

15*2 

0*23 

0*23 





4*70 

I2‘4 

0*20 

o*i8 





3*00 

8*7 

0*25 

0*10 





1*90 

7.9 

0*13 

o*o6 
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ABSORPTION ON POLYSTYRENE FILMS 

TABLE III { cont .). 

Carbon Tetrachloride. 


Film I (Pressures in cm. Hg ; = 9*12 cm.). 


Px> 

W. 

Fi. 

Vx (calc.). 

Pi‘ 

W. 

Vi. 

Vx (calc.). 

up points 



Down points 



8*50 

125-3 

0*57 

0-55 

7-93 i 

75-3 

0*44 

0*44 

8*11 

85-4 

OH7 

0-47 

7-51 

58*4 

0*38 

0*38 

7*20 

50-7 

0-35 

0*34 

6*89 

45-9 

0-33 

0*32 





6-36 

37-6 

0*29 

0*28 





5-95 

33-6 

0*26 

0*25 





5-70 

29-8 

0*24 

0*23 





5*50 

25*7 

0*22 

0*22 





5*40 

25-8 

0*22 

0*21 





5*08 

22*3 

0*19 

o*T 9 





4*95 

21*2 

o*i8 

o*i8 





4*83 

20*7 

o*i8 

o*l8 


(Below this pressure, hysteresis.) 


Dioxane. 

Film I {pQ = 2*77 cm. Hg). 


/>!. j 

W, 

Vu 

Vx (calc.). 

Pi - 

W. 

1 

Vx (calc.). 

up points 



Down points 



2*37 

38-5 

0*39 

0*36 

2*20 

27*8 

0*31 

0*30 

1*90 

I7>9 

0*23 

0*23 

2*10 

24*8 

0*29 

0*27 

1*44 

9-9 

0*14 

0*15 

1*70 

13*2 

o*i8 

0*19 





0*99 

8-3 

0*12 

0*09 





0*52 

5-6 

o*o8 

0*03 


Film III. 


Pi - 

w . 

Vx. 

Vx (calc.). 

Pi - 

w . 

Vx - 

Vx (calc.). 

up points 



Down points 



2*56 

82*9 

0*43 

0-45 

1*99 ! 

34*9 

0*24 

0*25 

2*50 

68*8 

[ 0*39 

0*41 

1*68 

25-9 

0*19 

0*19 

2*30 

55-5 

! 0*34 

0-33 

1-25 

20*9 

0*16 

* 0*12 

2*29 

54-9 

0-34 

0-33 

0*91 

20*5 

o*i6 

o*o8 

1*87 

7-5 

o*o6 

0*22 





1*03 

3-9 

0*04 

0*09 





0*48 

3-2 

0*03 

0*03 






(Note : bad hysteresis on thicker film, both on up and down points.) 


w-Butyl Acetate. 

Film I (N.B. pressures in cm. butyl phthalate ; />© = cm.). 


Pi - 

W. 

Vx- 

Vx (calc.). 

Pi - 

W. 

Vx- 

Vx (calc.). 

Up points 



Down points 



11*35 

27*3 

0-35 j 

0*36 

11*0 1 

23*7 1 

0*31 

0*33 

9*4 

15*8 

0*23 

0*22 

10*85 

21*4 ! 

0*29 

0*32 





10*2 

I 9 -I 

0*27 

0*26 





8-7 

12*4 

0*19 

0*19 





7'83 

9-5 

0'i6 

o*i6 





7*0 

7*1 

0*12 

0*13 





5*4 

5*4 

0*09 

0*09 
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TABLE III {cont.). 

Diethyl Ketone. 


Film I (Pressures in cm. Hg ; po = 2*75 cm.). 


Pv 

W , 

Vx . 

Vx (calc.). 

Pv 

W . 

1 

Vi (calc.). 

up points 



[doww points 



2*70 

56‘7 

0*54 

0*52 

2*49 

28-1 

0*37 

0*37 

2*65 

43-8 

0*48 

0*47 

2-42 j 

i 8-5 

0*28 

0*34 

2-59 

33*3 

0*41 

0-43 

2*29 

14*3 

0*23 

0*29 

1-71 

4‘5 

0‘09 

0*17 

2*26 

13*7 

0*22 

0*28 





2*12 

10*6 

o*i8 

0*25 





1*94 

7-8 

0T4 

0»2I 





1*44 

2-6 

1 

0*05 

1 

0*13 


Film III. 


Px- 

w. 

Vx> 

Vx (calc.). 


W. 


Vi (calc.). 

up points 



Down points 



2*66 

8i*4 

0*49 

0*48 

2*59 j 

71-6 1 

0*46 

«*43 

2*47 

41-2 

0*32 

0*36 

2*49 


0*38 

0*37 

2*05 

I 7'6 ! 

0*17 

0*23 

2*35 

1 

0*30 

0-32 

1-30 

3*1 

0*04 

0*12 

2*05 ' 

24-1 1 

0*22 

0-23 

0*63 

1*3 

0*02 

0*04 

1*78 

16-5 

o*i6 

o»i8 





1*22 

13*6 

0*14 

0*11 





079 

! 8*3 

1 

0*0Q 

0*05 


(Slight hysteresis.) 

The preceding solvents have all been those in which, as liquids, polystyrene 
will dissolve. There now follow some results for solvents in which it will only 
stvell at room temperature. 

Di w-Propyl Ether. 

Film I (^>0 ^ 5*15 cm. Hg). 


Px - 

w . 

Vv 

Vx (calc.). 

Pi - i 

W . 

Vx - 

Vi (calc.). 

up points 



Down points 



pHAi. 

56*6 

0*56 

0*40 

4'97 1 

26*6 j 

0-38 

0*34 

5 *08 

32*9 

0*43 

0*36 

4-83 

21*9 

0*33 

0*31 

4*42 

13*6 

0*24 

0*25 

4-76 

19*9 

0*31 

0*30 

3-84 

lO'I 

0*19 

0*18 

4*6o 

17*0 

0*28 

0-27 





4*28 

ii'6 

0*21 

0-23 





3-13 

5*7 

0*11 

0-13 





2*10 

3.6 

0'o8 

o-o8 


Cyclohexane. 

Film I (^0 = 7*75 cm. Hg). 


Px- 

i 

Vx, 

Vx (calc.). 

Pi- 

w. 

Vx. 

Ki(calc.).^ 

Up points 



Down points 




71-4 

0*61 

0*40 

7*50 


0*39 

0*34 

7*13 

24*2 

0*28 

0*29 

7*32 

28*5 1 

0-32 

0*32 

6*20 

14-4 

0*19 

0*20 

7*02 

23*2 

0*28 

0*28 





6-65 

17*4 

0*22 

0*24 





5.89 

12*8 

0*17 

o*i8 





5*x8 

H'8 

0*15 

0*15 





3*54 

9*3 

0*13 

0*09 
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ABSORPTION ON POLYSTYRENE FILMS 
TABLE III (cont.). 

NiTRO METHANE. 

Film I {pQ — 278 cm. Hg). 



w. 

Vi. 

Vi (calc.). 

Pv 

w. 

Vi. 

1 Ki(calc.). 

Up points 



Down points 



/’sat. 

8*2 

0*109 

0*092 

2*66 

6*2 

0*084 

0*085 

2*70 

67 

0*091 

0*083 

2*48 

6*0 

0*082 

0*078 

i*6i 

3-3 

0*047 

0*045 






W-OCTANE. 

Film I. 

Atp = pQ, W = 6*5, Fj = 0*135. 

No other points taken. 

As can be seen from Table III and Fig. 2, hysteresis effects were, in general, 
insignificant. The following general remarks may be made on this phenomenon 
as observed in these experiments. At low solvent concentrations, equilibrium 



Fig. 2. 

Illustrates for benzene : {a) Effect of hysteresis. 

{b) Effect of molecular weight of polymer. 

(c) Accuracy of Huggins' equation. 

M.Wt. 500,000 Up points O M.Wt. 20,000 Up points □ 

Down points -f Down points X 

The curve drawn is a Huggins curve with ^ = 0*43. 

was often impossible to reach on down points over several hours, though at 
high concentrations 10 min. was often sufficient. With those solvents for which 
two films were used there is a noticeable tendency for hysteresis to be worse for 
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the thicker film ; one may venture the estimate that equilibrium could not be 
reached at all with a film 0*2 mm. thick. In most cases constant weight was 
reached within an hour (to check this about i of the points were left overnight, 
and a few for yet longer). The only exceptions were w-octane, requiring several 
days for the single point measured, and CCI4, for which with vapour pressure 
less than about 50 % of saturation no absorption could be detected on the up 
points ; even at 70 %, no change was observed for 6 hr. after which the weight 
changed rapidly, becoming constant after 10 min. This peculiar phenomenon 
was not further studied. 

Discussion. 

It has been shown that polystyrene is a true “ molecular-colloid 
(mainly by the work of Staudinger and Schulz), and the remarkable devi¬ 
ations from Raoult's law in such solutions have been analysed in terms 
of (a) the entropy contributions arising from the great molecular weight 
and the flexibility of the polymer (Flory, Huggins, Miller, Guggenheim *) 
together with (b) the usual heat of mixing effects well known in low- 
molecular solutions. The past history of this development has been well 
summarised by Gee and will be omitted here. 

For systems of this kind, Huggins derived the equation 

In pilpuo) = In -f Fj (I - y) -f . . (i) 

where />,(o) is the saturation vapour pressure of the low-molecular com¬ 
ponent (i) over its pure liquid, pi, that over a solution of the polymer 
(2) containing a volume fraction Fj of polymer, Fj of low-molecular 
component ; y is the ratio of molar volume of i divided by molar volume 
of 2 ; /I is a constant for any given 1-2 pair at a given temperature. In 
the present work, the approximation 1 — y csi i can be safely made, so 
that 

In pilpKo) = In Fi -j" F2 -f- /iF2®* • • • (2) 

The simplicity of this equation, involving only one adjustable constant, 
has led to its being very widely used for the analysis of such systems ; 
the discussion in this paper therefore has the two-fold aim of testing the 
Huggins equation on the experimental results just quoted, and of attempt¬ 
ing to interpret the constant fi. It will be noticed that the equation implies 
that for strong solutions the depression of vapour pressure should be in¬ 
dependent of the molecular weight of the polystyrene ; this can be seen 
from Fig. 2, w’^hich gives the results for benzene for two polymers differing 
by a factor of about 25 in molecular weight, and Table III which includes 
data for toluene, dioxane, and diethylketone for polymers differing in 
molecular weight by about a factor of 2. 

The experimental results were therefore fitted graphically to equations 
of this form, particular attention being paid to points at higher Fj. for 
which hysteresis and weighing errors are least. Table III shows that the 
values calculated from these equations, with the ^ values chosen for each 
solvent listed in Table IV (second column), agree with the experimental 
data; where hysteresis is significant the Huggins curve passes between 
the up and down points. The fit of the equation may also be judged 
from Fig. 2 showing the results for benzene. Table III shows one sig¬ 
nificant exception; the vapours (»-propyl ether, and cyclohexane) in 
which i>olyst3rrene only swells but does not dissolve, show more low 
molecular component in the neighbourhood of == i than Huggiits' 

equation would predict; the values for the third swelling vapour, nitro- 
methane, are too scanty to illuminate this point one way or the other. 
This effect has also been observed by Gee “ for rubbers, and may well 
therefore be a general phenomenon. 

• Ann, Reports, 1942, 39, 7. 

1®/. Chem. Soc., 1947, 280; Quart. Rev. Chem. Soc., 1947. i, 265. 

“ (a) J, Amer, Chem. Soc., 1942. 1712 ; (6) Ind. Eng. Chem., 1943, 35, 217. 

Trans. Faraday Soc., 1946, 33. 
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Table II summarises the values adopted for ^ ; they cover ranges 
in Vi from 0‘i-0‘2 up to o*4-0‘6 and in pilpu^t) from o*35-0‘5o up to 
o*93-o*97. The probable errors in n vary from about 0*03 for a good 
series (e.g. toluene) to 0-05 where hysteresis is appreciable (e.g. diethyl- 
ketone), and o*o8 for the swelling-vapours where deviations from Huggins' 
equation occur. 

When Fi is close to unity, fi can be derived from the deviations from 
ideal behaviour shown by osmotic pressure data.^* For polystyrene 
there are such data for solutions in toluene,^® benzene, CCI4, and dioxane.^* 

Table IV shows in the first two columns the values of fi calculated 
from these osmotic data, and from the vapour-phase absorption data of 
the present work. It will be seen that the values for benzene and toluene 
are practically unchanged over the whole concentration range, while the 
differences for dioxane and CCl* are probably significant. Although we 
have no osmotic data for dioxane, diethylketone and butyl acetate, it is 
clear that a constant ft cannot characterise the whole isotherm. For, 
from eqn. (2), it can easily be shown that, if ^ > J, then there will be a 


TABLE IV. 

Values of the /^-Parameter in Huggins' Equation. 



H from 

Osmotic Data. 

H (obs.) 

(/I from these 
Experiments. 

fx (calc.). 

fx (obs.)-/4 (calc.). 

(a) Solvents — 





Benzene .... 

0*45 

0*43 

0*33 

-f 0*10 

Toluene .... 

0-44 

0*47 

0*46 

4-0*01 

w-Xylene .... 


0*41 

0*52 

— 0*11 

CCI4 .... 

0*46 

0-38 

0*56 

--o*i8 

Dioxane .... 

0*47 

0*56 

0*23 

4>o*33 

Diethylketone 

— 

0*67 

0*45 

4-0*22 

Butyl acetate 

— 

0*82 

0*75 

4*0*07 

(b) Swelling Vapours — 





Propyl ether 

— 

0*89 

1*84 

- 0*95 

Cyclohexane 

— 

0*89 

0-86 

4-0*03 

Nitromethane 


1*75 

0*91 

4-0*84 


value of V2, other than the trivial case F, = o, which satisfies the con¬ 
ditions pi = />i(o). In other words, pure liquid i will be in thermodynamic 
equilibrium with a system of i and 2 ; or, the polymer will have a definite 
solubility (“ limited swelling ”) instead of being miscible in all proportions. 
But dioxane, diethylketone, and butyl acetate do not show “ limited 
swelling ” ; hence for these solvents also a single /* value cannot char¬ 
acterise the whole isotherm. Such simple behaviour must be the exception 
rather than the. rule.^® 

It is fairly generally agreed that the Huggins equation over-estimates 
the number of polymer-polymer contacts in dilute solution (osmotic pres¬ 
sure) ; this error should not affect so much the concentrated solutions 
studied in this paper. 

In a theoretical discussion of the values it may be pointed out 
that Huggins' equation may remain formally valid provided it accounts 
correctly for the form of the entropy contributions and provided also that 
the heat content of mixing, if not negligible, is proportional to the square 
of the volume fraction of component 2. Such a proportionality is common 

Schulz, Z. physik. Chem. A, 1937, 176, 317. 

Dobry and Schwob, Bull, Soc. Chim, France, 1936, T 2, 1790, 
cp. also Gee, ref. 1®. 
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for low-molecular solutions and has been shown by Orr for the heat of 
solution of squalene (C30H50) in benzene. 

Moreover, Bronsted and Koefoed have shown that the activity 
coefficient of one hydrocarbon (A) in a solution of a higher hydrocarbon 
(B) depends on two terms, one due to the “ imperfection of the vapour 
of A, the other implying that the remaining free energy difference AG is pro¬ 
portional to the square of the mole-fraction of B ; in fact their extremely 
accurate data are fitted equally well if AG is proportional to the square of 
the volume-fraction of B ; moreover, the constant of proportionality then 
becomes the same for the three hydrocarbon-pairs they studied. 

We may, therefore, following Gee, extend the analysis by supposing 
that IX is a function of an entropy effect (probably roughly the same for 
all the solvents here used) and an energy term which should be calculable 
from the “ energy-density " theory which has been successfully applied 
to low-molecular solutions by van Laar and by Hildebrand.'® The way 
in which this has been tested is explained in the Appendix to this paper ; 
the values of /a vSo predicted are shown in the third column of Table IV. 
It can be seen that the agreement is fairly satisfactory for benzene, toluene, 
xylene, CCI4, cyclohexane ; for the polar solvents the deviations are very 
large, though they seem to swing about zero. This, however, is what 
would bo expected, for Hildebrand's formulae will only be valid for mole¬ 
cules with symmetrical fields of force. The conclusion may therefore be 
drawn that further explanation of these experimental data must await 
further development of the theory of heats of mixing of polar molecules 
of normal low molecular weights. 

The work described in this paper was done in the Physical Chemistry 
Institute of Copenhagen University. The author wishes to acknowledge 
his indebtedness to Prof. J. N. Brousted, who suggested this problem and 
designed the apparatus, for his invaluable advice throughout the work, 
to the Goldsmiths' Company of London for a Senior Research Student¬ 
ship which enabled the author to work in Copenhagen, and to Dr. G. Gee 
for helpful discussion. 


Appendix. 

Test of the Hildebrand Equation. 

(а) The problem is : given n ~ A -f- BjT, where the A is an entropy and 
the B an energy term, to see if the data in Table IV can be explained by a con¬ 
stant A and B given from Hildebrand's theory by 

B == VJR . (X, ~ 

(where - molar volume of the low-molecular component i ; = VAEi/Vi, 

where AEi is the energy of vaporisation of pure component i from its liquid, 
A'g is the same function for polystyrene). 

(б) A/?i = AHi — RT, where Ai/j is the heat of vaporisation at constant 
pressure. For this, few calorimetric data are available, and for small differences 
in X it is better to use the same method for all, even if this is not the best for 
some liquids. The Clausius-Clapeyron equation has therefore been integrated 
between the two temperatures : 20° c., to which refer the vapour pressures in 
Table II and the boiling points, for which p — 760 mm. This gives an average 
AH, as a further refinement this has been corrected to 20° by assuming a constant 
specific heat difference of 10 cal./degree/mole between liquid and vapour. The# 
requisite data, including the densities used for V, are all given in Table II with 
niuts of (cal./cc./mole)i for X^. 

{c) This leaves A and X^ adjustable constants, whose values are, however, not 
entirely arbitrary. For A is the limit of as /?-> o, or 00, and there are 

Hildebrand, Solubility (Reinhold Publishmg Co., N. York, 1936). 

Trans. Faraday Soc., 1944, 40, 320. 

Kgl. Danske. Videnskab. Sets, 1946, Medd. XXII, No. 17. 

Z. physik. Chem. A, 1928, 137, 421, 

Gee, Trans. Inst. Rubber Ind., 1943, 18. 
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data by Walling, Briggs, and Mayo on the depression of vapour-pressure of 
styrene by polystyrene at 127® c. (400° K.) for which fi ~ 0*33. The results of this 
present paper apply to the lower temperature 293° K. ; moreover, the heat of 
mixing of even styrene and polystyrene cannot be zero (double bond), and hence A 
at 293® must be considerably less than 0*33. Again, the nearest low-molecular 
analogue of polyst3n*ene is not styrene, but ethylbenzene. For this X = 8*78 
(Table II). One could assume either simply that X for polystyrene == X for 
ethylbenzene or that the energy of vaporisation of a polystyrene of degree of 
polymerisation N is N times that of ethylbenzene, and correct for the difference 
in density. The second approximation is likely to be nearer the truth, whence 
(very roughly). 

(d) Using these rough indications " best ** values of A and X^ have been 
obtained in the following way : — A BjT ] B is known if A, is known. 

Plotting A SiS a, function of X^ (X^ and fi being taken as known) gives a family 
of parabolas, one for each low-molecular compound. Looking at this diagram 
one finds the value of A’, giving (i) the A values of the non-polar vapours closest 
together, with (ii) their mean value between o and 0*25, (hi) AT, as approximately 
9*7. Evidently there is some freedom of choice, but the best value of ATi appears 
to be 10*1 (± 0*2 perhaps). 

{e) Taking X^ as io*i, A as 0*23, from the ATj values in Table II, the /icaic. 
values in Table IV have been obtained. 

University of Copenhagen, The Military College of Science, 

Copenhagen. Shrivenham, 

Nr. Swindon, Wilts. 

*1/. Amer. Chem. Soc., 1946, 68, 1145. 


THE HYDROLYSIS OF ACETIC ANHYDRIDE. 

By V. Gold. 

Received igth June, 1947 . 

The kinetics of the hydrolysis of acetic anhydride in aqueous or near- 
aqueous media has been the subject of a number of investigations 
of which the most notable are those of Sidgwick and co-workers, and 
of Kilpatrick.^* It is known from the earlier work that the reaction is 
catalysed by both OH- and H*^ ions, the former being very much more 
effective, but that it will proceed at a measurable rate without these 
cataly.sts. Under these conditions the reaction is a strictly first-order 
one ; the molecularity with respect to water does not appear in the kinetic 
equation owing to its constant concentration. The constancy of the 
velocity coefficients demonstrates that, with the concentrations of OH” 
and H+ ions present in dilute solutions of acetic acid, catalysis by these 
ions can be neglected (see also **), so that the observed velocity really 
corresponds to the purely spontaneous hydrolysis.* Similar arguments 

* (a) Menschutkin and Vasilieff, /. Physic. Chem. (i?ws5.), 1889, ai, 192 ; 
(b) Lumiere and Barbier, Bull. Soc. Chim., 1906, 35 (3), 625 ; (c) Rivett and Sidg¬ 
wick, J. Chem. Soc., 1910, 732 ; (d) Orton and Jones, ibid., 1912, 1708 ; {e) 
Wilsdon and Sidgwick, ibid., 1913, 1959 ; (/) Verkade, Rec. trav. chim., 1915. 
35» 79; (g) Connolly, Carnegie Inst. Publ., 1915, 330, 112 ; 1918, 360, 131 : 
(A) Skrabal, Monatsh., 1922, 43, 493 ; (i) JoWett, Ph.D. Thesis (Liverpool 1923) ; 
Moelwyn-Hughes, Kinetics of Reactions in Solution (Oxford 1933) I U) Szabo, 
Z . physik. Chem., 192b, 122, 405 ; [k) Olivier and Berger, Rec. trav. chim., 1927, 
46, 614 ; (/) Kilpatrick, J. Amer. Chem. Soc., 1928, 50, 2891 ; (m) Caudri, Rec. 
trav. chim., 1930. 49» i .* («) Vies, ibid., 1933, 5^» 809. 

* It is probably safe to disregard the mechanism in which simultaneous attack 
by OH- and H + ions is taking place. When allowance is made for the tempera¬ 
ture variation of the ionic product for water this mechanism would lead to a 
negative heat of activation for the hydrolysis of acetic anhydride. 
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can be applied to the interpretation of the analogous reaction between 
Ac ,0 and EtOH (as solvent) where the constancy of the first-order rate 
coeflBicients rules out the proposed mechanism : 

ACjO 4- OEt” EtOAc + OAc~ (cf.*). 

The present paper deals with the following aspects of the spontaneous 
hydrolysis'; (a) the solvent effect (b) the temperature coefficient and 
{c) the interpretation of new and old kinetic data with reference to the 
theory of solution kinetics and the mechanism of aliphatic substitution 
reactions. 


Experimental. 

Materials. Water : Conductivity water {k — 1*0 — 1*5 x io~® mhos at 
25® c.) was used. 

Acetone : Analar acetone was dried over CaCl, and KjCOj and then 
fractionally distiPed, as recommended for con¬ 
ductivity measurements.® (#c < i X io~’ mhos at 
25® c.) 

Solvent Mixtures : Made up by weight, a good 
stock serving for a block of experiments. 

Acetic Anhydride (B.D.H.) was refluxed over 
magnesium turnings for several days and carefully 
fractionated, and a small middle fraction only used 
for kinetic experiments. 

Acetic Acid : The Analar product was purified 
by the method of Orton and Brad field.® 

Conductivity Apparatus.—This was of usual 
design, embodying a screened 6-dial Cambridge low 
inductance resistance box, a Cambridge non- 
inductive ratio box, balancing condensers across the 
cell and the resistance box. Audio-frequency a.c. 
was provided by a simple 3-frequency valve oscil¬ 
lator (Hartley circuit). A single-stage amplifier 
used in conjunction with headphones served as 
detector. The bridge circuit embodied a modified 
Wagner earth.® 

The design of the conductivity cell (Fig. i) 
proved useful both for ordinary conductivity 
measurements and in kinetic runs because of the 
ease of filling and mixing solutes in it rapidly. It 
was constructed in Pyrex ; the electrode surfaces 
were platinum-grey. Addition of reagent and sol¬ 
vent was effected by means of weight pipettes 
through A. The measuring cell C, was filled and 
emptied by pressure, using N, after bubbling it through a sufficient number of 
bubblers containing the solvent at the thermostat temperature. A or B could 
alternately be connected to N, by turning a single 4-way tap. The thermostat 
tank for use at 5® was a well-lagged large accumulator jar with steady cooling pro¬ 
vided by the immersion to a fixed depth of a tube containing powdered solid COt. 
with the temperature control provided by an intermittent low-power immersion 
heater operated by a relay and toluene-mercury regulator. During experiments 
the regulation was constant to ± 0*001® at the higher temperatures and i 0*003® 
in the 5® tank, as measured on a Beckman thermometer. The actual temperatures 
of the baths were measured on a N.P.L. calibrated thermometer (± 0*02° c.) 
graduated in tV degree and read by means of a cathetometer. 

Method for Conductivity Measurements. —The main purpose of the con¬ 
ductivity measurements was to provide an accurate calibration for the kinetic 
experiments, and not an absolute determination. For this reason good repro¬ 
ducibility, rather than absolute accuracy, was aimed at, and not very much 
attention paid to the elimination of small systematic errors, e,g. by a “ Parker 

* Moelwyn-Hughes and Rolfe, /. Chem. Soc,, 1932, 241. 

® Dippy, Jenkins and Page, ibid., 1939, 1391. 

® Orton and Bradfield, ibid., 1927, 983. 

• Jones and Josephs, J. Amer. Chem, Soc., 1928, 50, 1049. 
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effect ” caused by the employment of water as thermostat liquid.* Similarly, 
the solvent conductivities were not reduced to the lowest possible values as it 
was more desirable to use a solvent of reasonably low and constant conductivity 
which could be used for a group of experiments rather than one of very low, but 
sensitive and variable, conductivity. Blocks of conductivity measurements 
were carried out by weighing into the cell a certain amount of solvent, measuring 
its conductivity, and then introducing successive small amounts of a solution of 
acetic acid, made up by weight, from a weight pipette and measuring the con¬ 
ductivity after each addition. The same cell was employed for all measurements, 
the values of the resistances measured (apart from solvent resistances) ranging 
for the most part between i,oooa> and 10,000a>. The cell constant was deter¬ 
mined directly by means of a KCl solution (0*0631, but this value may be in 
error by as much as 0*0003). 

Procedure for Kinetic Measurements. —These were carried out conducto¬ 
metrically employing the apparatus and cell described above. After measure¬ 
ment of the solvent resistance a small amount (1 or 2 drops) of acetic anhydride 
was added to the cell, the liquid mixed, and C filled and emptied with the 
reaction mixture several times, after which the cell was left filled and con¬ 
ductance measurements recorded at short intervals. It was found preferable 
to observe the time at which the resistance of the cell reached a certain setting 
of the bridge rather than the reverse procedure, and thi.s permitted accurate 
timing of the kinetic progress of fast reactions. An “ infinity " reading was 
taken after approx. 12 half-lives. A calibrated stop-w^atch was used for timing. 

The admissibility of the conductometric technique for following the rate of 
this reaction has been demonstrated by Rivett and Sidgwick. These authors 
showed that the concentration of acetic acid produced at the end of the reaction 
—as indicated conductometrically—was exactly twice the concentration of acetic 
anhydride initially weighed out and their rate constants have been accurately 
confirmed by different independent chemical methods. It is therefore certain 
that the conductivity change in the course of the reaction is wholly dependent 
on the generation of acetic acid. In the present investigation the concentration 
of the non-electrolyte reactant was so low that it can also be shown by con¬ 
sideration of the influence of non-electrolytes on conductivities that no analytical 
error could arise out of its presence. Internal evidence for this is provided by 
the good constancy of the first-order rate coefficients found under all conditions 
(cf. Table III). 

It is one of the chief advantages of the conductometric technique that it is 
probably the only one by wdiich precision measurements are possible at the very 
low concentrations desirable for accurate kinetic work and, unlike mo.st other 
phy.sical measurements used in reaction kinetics, does in itself provide good 
evidence concerning the chemical nature of the process observed. 


Evaluation of Concentrations from Conductance Measurements. 

Unfortunately, the concentration of acetic acid cannot be expressed as a 
simple function of the resistance. Plotting 1 jr or r (resistance) against C (con¬ 
centration) a curved plot is obtained from which interpolations are not easy, 
though this appears to have been the method used by Sidgwick,^'’* etc. The 
computation procedure adopted here is considerably more cumbersome and 
only practicable with the aid of a mechanical calculating machine. However, 
it achieves a much more satisfactory conversion and requires much less extensive 
conductivity measurements than the direct procedure. It was found empirically 
that over the rather limited concentration range employed the product Cr is 
a linear function of i/r to a considerable degree of accuracy (where r is the re¬ 
sistance of the cell after making allowance for the conductance of the solvent, 
though naturally it is not suggested that this solvent correction should be applied 
in general for acid solutions). Such a linearity could be expected if Ostwald's 
dilution law were applicable and the solvent correction employed justifiable, 
as it follows from 

A^C 

" " A„{A, - A) 


that Cr 

where B is the cell constant. 


I , ^ 


Jones and Bollinger, J. Amer. Chem. Soc., 1931, 53, 411. 
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The procedure adopted was therefore to fit the experimental data to an 
equation of the form : 

Cr=^j + a .(I) 

using the method of least squares and then applying this equation to the values 
of ijr obtained during a kinetic run and thus obtain the concentration value. 
The empirical success of eqn, (i) may be judged from the following typical data, 
which illustrate the accuracy attainable. 


TABLE I.—“ OsTWALD Plot *’ Calculation for 10 % Acetone 

AT 15® c. 


C X 10^ 

2*70 

6-95 

11*38 

16*51 

22*54 

29*39 

36-93 

45-78 

ijr (corr.*) x 10* 

1-844 

3*195 

4*197 

5*143 

6*o8i 

7*002 

7-897 

8-837 

Cr (corr.*l X 10 

14*66 

21*74 

27*11 

32*11 

37*06 

41*97 

46-77 1 

51*80 

Cr (calc.f) X 10 

14*60 

21*78 

27*10 

3-i*J3 

37*11 

42*00 

46-76 

51*73 

C (calc. + ) X 10* 

2*69 

6*90 

11*37 

16*52 

22*57 

29*41 

36-93 

45*75 


As even approximate values of the conductivities of acetic acid in acetone- 
water mixtures do not seem to have been pieviously recorded, a short summary 
of some of the measurements is given in Table II, expressing the data in terms 
of the constants of eqn. (i). 


TABLE II 


Solvent 
{% .Mc^CU). 

c. 

Range ol 
Measurements 
(C X io<). 

Solvent 

Resistance 

(ohms). 

nt . 

a . 

10 

5 

3-64 

53 » 9 oo 

8-49 

X 

10® 

0*561 

10 

15 

3-46 

6i,200 

5*31 

X 

10® 

0*480 

10 

25 

5-48 

44,000 

3*47 

X 

10® 

0*308 

14*45 

15 

3-40 

51*100 

8-47 

X 

10® 

0*574 

14*45 

25 

3-50 

57*700 

5*94 

X 

10® 

0*398 

20 

5 

2-43 

115,000 

2*6i8 

X 

10* 

0*803 

20 

25 

3-35 

43,000 

1*055 

X 

10* 

0*576 

30 j 

5 1 

4-32 

157,000 

8*6i 

X 

10® ! 

1*47 

30 j 

1 

25 

8-44 

88,000 

3*327 

X 

10* i 

1*021 


Results. 

(a) Kinetic Order and Accuracy.—In order to illustrate the accuracy with 
which the first-order law is applicable the method of least squares has been applied 
to the calculation of the rate constant of a randomly-selected run. (As a rule, 
rate constants were obtained graphically. In neither method is the time of 
starting the reaction involved in the calculation.) The rate coefficients calculated 
for every point of the example were obtained by taking as “ starting-point " 
the point 

= 793-28 sec., log,. (Coo - c) = ^i2&ojfco_^c) ^ 

where n is the number of observations. This point must lie on the best straight 
line through the data. In appraising the constancy of the rate coefficients i£ 
should noted that by this procedure the least accuracy (owing to relatively 
larger timing errors) will occur round this ** starting-point/* and departure 
from a good first-order law would appear particularly through divergence of 

♦ Denotes that solvent correction has b<? m applied to the experimental 
resivStance values. 

t Values calculated from Cf = ( A . ? . I? . 4. 4*80^ x io~^. 

X From rows 2 and 4. 
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the constants in opposite directions near the beginning and the end of the 
observations. 

For each temperature and solvent several (3 to 6) experiments were carried 
out which usually gave mean rate constants concordant within 0*5 % or better. 
The result for water at 25® may be slightly outside this experimental accuracy, 
as under these conditions accurate timing is difficult. 

It is therefore estimated that the mean value given for each solvent and 
temperature is significant to about ± 0*3 % and the apparent activation 
energies to about 0*5 %, i.e. approximately ± 50 cal. When it was impossible 
to carry out all experiments with the same batch of a particular solvent mixture, 

TABLE III. 


Illustration of First-order Law for Expt. 91 (10 % Acetone, 15® c.). 


I'ime 

(sec.). 

^(COIT.) X 10< 

(nxhos.). 

C X 10* 

AcOH. 

logio i^oo “* 6 )* 

0*4343*1 X 
(sec.-i). 

84 

2*o68 

3*27 

1*4961 

3-671 

126 

2*445 

4*35 

1*4809 

3-674 

176 

2*800 

5*51 

1-4639 

3*696 

226 

3*155 

6*80 

1*4442 

3-675 

276 

3-446 

7*96 

1*4257 ; 

3-672 

324 

3*695 

9*03 

1*4079 

3*068 

370 

3*909 

10*00 

1*3911 

3-670 

417 

4*109 

10*94 

1*3741 

3-677 

479 

4*350 

12*14 

1-3516 

3*686 

601 

4-767 

14-36 

1*3065 

3*G8o 

f>53 

4*923 

15*24 

1*2872 

3-668 

714 

5*090 

16*21 

1*2684 

3-664 

784 

5*267 

17*27 

1*2391 

(3-61) 

837 

5*392 

18*04 

1*2193 

{3-76) 

3-678 

897 

5-522 

18*85 

1*1976 

9i>5 

5*659 

19*73 

1*1726 

3-677 

1085 

5*«77 

21*17 

1*1284 

3-680 

1132 

5*953 

21*69 

1*1113 

3-674 

1208 

6*071 

22*50 

1*0832 

3-678 

1264 

6*152 

23*06 

1*0626 

3-678 

1327 

6*236 

23-65 

1*0399 

3-670 

1393 

6*321 

24*26 

1*0150 

3-681 

1431 

6-365 

24-58 

1*0013 

3-676 

1510 

6-453 

25-22 

0*9727 

3-670 

1^53 

6-499 

25-56 

0*9567 

3-673 

10200(00) 

7-632 

34-61 




Mean 0.4343^1 by complete least-squares calculation = 0*0003674 sec 


key runs were dupicated with the different batches of solvent in order to elimin¬ 
ate spurious results due to the employment of slightly different solvents, but 
no significant differences were detected between different batches. 

(b) Rate Constants and Analysis of Data.—The new data presented refer 
to measurements in water and five acetone-water mixtures at 5°, 15® and 25° c., 
and a summary of these is given in Table IV. As it had been found by 
Sidgwick and partially confirmed by other workers (cf. Verkade^^) that 
the first-order rate constants of different runs depend on the initial concentration 
of acetic anhydride in a peculiar manner, all measurements were performed in 
extremely dilute solution (initial concentration of AC|0 = i — 3*5 x io~* 
g. mol./l.). Over this small range the rate constants showed no trend so that it 
may be assumed that temperature coefficients and solvent effects are free from 
spurious deviations due to this cause. In all cases the first-order law was obeyed 
accurately (cf, Jowett 

In addition to the directly-measured first-order constants (/^i), second-order 
rate coefficients have been calculated on the assumption that the reaction is a 
bimolecular one and that the hidden molecularity with respect to water is unity. 
Two sets of these were computed, the first by dividing ki by the molarity of water 
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(Aj*) and the second by dividing by the mole fraction of water in the acetone 
water mixture (Table V). (This should not be taken to mean that such a 
step has been theoretically justified.) 

In both these sets the second-order rate coefficients decrease rapidly with 
increasing proportion of acetone in the medium. The order of magnitude of 


TABLE IV. 

First-order Rate Constants for the Spontaneous Hydrolysis oi* Ac ,0 

(SEC.“^). 


Solvent. 

5“ C. 

15" c. 

25® c. 

Water 

69*6 X 10-® 

141*8 X IO~® 

262*5 X 10“® 

10 % Acetone 

42*1 X lo~* 

84*7 X IO-® 

154*5 X 10-® 

^ 4*45 % »» 

-— 

66*3 X lo'® 

120*9 X IO“® 

20 % 

23*7 X 10-® 

47-5 X lo-‘ 

86*6 X 10”® 

30 % 

H'SgX IO“*® 

23-9, X io-‘ 

44*2 X I0“® 

50 % 

2*51 X io“® 

5*i 6 X io“® 

9*79 X lO”® 


the solvent effect near the water-end of the scale is very approximately given by 
— /Jq X or ki = kfi X Cjg^Q. 

The rate constants have been analysed in the conventional manner in terms 
of the parameters of the Arrhenius equation (Table V). In each solvent the tem¬ 
perature coefficient of the reaction varies in a way which is inconsistent with the 
equation 

£ 

In Aj = In J5 — 

Both B and E are temperature-dependent and the variation is more marked 
the richer the water content of the medium. In addition to its dependence 
on temperature E changes slightly with the solvent composition, but this is less 
important than the temperature variation of this parameter and it is therefore 
the variation in the factor H which is almost exclusively responsible for the rate 
reduction accompanying acetone addition. 


TABLE V,— Arrhenius Parameters for First-order Constants Aj. 


Solvent. 

^5/16 

(kcal.). 

^15 /25 

(kcal.). 

AE 

AT 

cal. "c-i. 

^5/15 

sec.-i. 

logic ^15 /25 

sec.-i- 

AE 
AT 
(for *,e) 

Water 

11*34 

10*51 

83 

5*7.5 

5*11 

So 

10 % Acetone 

11*12 

10*26 

86 

5*3b 

4*71 

86 

14-45 % » 

— 

10*25 

— 

— 

4*70 

— 

20 % „ . 

11*04 

10*27 

77 

5*05 

4*47 

82 

30 % 

Ii*i6 

10*47 


4*85 

4*32 

68 

50 % .. • 

11*47 

10*93 

54 

i 4*41 

4*00 

35 


This analysis has also been carried out for the second-order rate coefficients 
Ajr®^ and k/. In the former case the E-values are of course identical w’ith those 
given in Table V and in the latter case they differ only slightly (up to 0-2 kcal.). 
The conclusions regarding the temperature variation of E remain therefore 
qualitatively unchanged and, for comparison, the last column in Table V gives# 
the temperature variation of E as calculated from A,«. 

Discussion. 

(a) Reaction Mechanism. 

Before proceeding to a consideration of the meaning of these ob¬ 
servations to the theory of reaction kinetics, we must consider the mole¬ 
cular mechanism of the reaction, in particular the probable molecularity 
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with respect to water which, of course, is not revealed by the kinetic 
order of the observed reaction as the concentration of water remains 
virtually constant throughout any one run. 

The hydrolysis of acetic anhydride may be classified as a nucleophilic 
substitution reaction ; the nucleophilic substituting reagent is either the 
water molecule (for neutral or acid solutions) or the hydroxyl ion (for 
alkaline solutions). Looked at from this point of view, the hydrolysis 
of acetic anhydride shares certain features of the non-acid catalysed 
ester hydrolysis by “ alkyl-oxy ** (B") and “ acyl-oxy " (B') mechanisms 
and of the hydrolysis of acyl halides. 

R 1-0 . CO . CH, -f H *0 -H. ROH + HOAc . . (B") 

CH3 . CO I -OR 4 “ H3O AcOH + HOR . . (B') 

CH3 . CO I -Cl -f H2O AcOH -f HCl . . . (Sjf) 

CHj . CO I -O . CO . CH3 -f H3O AcOH -f- HOAc 


In each case the vertical line represents the position of bond fission. 
It has been established by Hughes, Ingold and co-workers that reaction 
of this type may be either unirnolecular (S^i) or bimolecular (5jy2) apart 
from special mechanism operating under certain conditions, and they 
have developed experimental criteria for distinguishing between the two 
types.* A large number of organic compounds have been studied under 
different conditions and classified in this manner, and the logical general¬ 
isations permit the prediction of probable reaction mechanism in other 
cases. 

In the neutral hydrolysis of acetic anhydride the possibility of the 
two mechanisms arises in the following manner. 


cn 3 


CH, 


CIL 


^ A ^ X ^ I fast 

S vi AcO-““C ■ — > AcC)“ -f- C -}- — -> 

I, i 



CH3 

SjfZ AcO~-C -|- OH2 

(!i) 


slow 


f CH3 

AcO- + cl—O+H3 


The subsequent fast proton-transfer equilibria have no bearing on the 
kinetics. 

The theory of aliphatic substitution rules out Sj^i as a very unlikely 
mechanism in the present case. On passing from an aliphatic halide to 
an acetate, S^2 becomes very much more important relative to Sj^i, 
and as acyl halides are known to react by the S^2 mechanism, acyl acetates 
(e.g. acetic anhydride) would be even more inclined towards this mechan¬ 
ism. Actually the acyl halides for which this mechanism has been con¬ 
firmed were benzoyl halides,® but the change from benzoyl to acetyl would 
favour Sjf2 relative to Sj^i (cf. the effect of allyl groups’^). A further 
argument for an S^2 mechanism is the high value for the ratio of the 

reaction with OH“ ions and with H^O ^ 10*^ which 

V«2(HaO) / 

renders it improbable that there is a slow ionisation stage not involving 
the nucleophilic reagent."** 

One of the criteria for an ionisation reaction is the prediction of a 

^ {a) Day and Ingold, Trans. Faraday Soc., 1941, 37, 686; (6) Hughes, ibid., 
1941. 37 . 603. 

* These investigations have been summarised by Hughes,’ and frequent 
reference will be made to his review where particulars of the original papers 
will be found. 

• E. R. A. Peeling, quoted by Hughes.’^ 
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large positive salt effect arising out of the influence of ionic strength upon 
the activity coefficient of the zwitterion-like structure which must be 
expected to constitute the transition state leading to ionisation.** This 
activity coefficient can be derived by a modification of the interionic 
attraction theory and is given by * 


~ looo/c** I ‘ (Diy ‘ 


(2) 


where N is Avogadro’s number, k Boltzmann’s constant, e the electronic 
charge, D the dielectric constant, / the ionic strength of the solution, 
/ the radius and fi the dipole moment of the dipole molecule. According 
to the Bronsted-Bjerrum equation : 

k = 

/. 


or In A: = In Ao + 51 /r • • • ( 3 ) 

r r 

where the symbols and ^ signify product and sum respectively over 

all leactant molecules. Therefore, if all molecular species are dipoles 
and all effects other than electrostatic ones may be neglected, combination 
of (2) and (3) leads to 

In A = In ft.• • • (4) 


where 


R - I 

looo/c* (DTY* 


the suffixes y and x referring to reactants and transition state respectively. 
Therefore, if the transition state is considerably more polar than the 
reactants, as is to be expected for an ionisation reaction, an increase in 
ionic strength should lead to an increase in reaction velocity. The general 
correctness of this theor^^ has been confirmed in cases where there is strong 
other evidence for an ionisation mechanism.’* 

For the hydrolysis of acetic anhydride the relevant measurements have 
been performed by Kilpatrick.^* The effect of added neutral salts is 
small and decelerating (the bracketed quantity in eqn. (4) is positive), 
i.e. in the opposite direction to that expected on an ionisation mechanism. 
Because of the smallness of the effect the exact relationship between 
In k and I is not established with certainty, but it docs not appear to agree 
with eqn. (4). These salt-effect measurements will be referred to again 
in the discussion of the solvent effect below. 

It has been shown that it is possible under certain conditions to verify 
an ionisation mechanism by the detection of a depression of reaction 
velocity by a common-ion mass law effect.’* The rather curious effect 
of added acetate ions on the hydrolysis of acetic anhydride is accelerating 
and therefore does not admit such an explanation. It does not support 
—though not necessarily disprove—the Sj^i mechanism. 

Taking all these arguments in conjunction it is concluded that the 
hydrolysis of acetic anhydride in water is a bimolecular reaction. This 
does not exclude the possibility of some other reactions of acetic anhydride 
and even of the hydrolysis under very different conditions proceeding 
through the intermediate acetylium ion CHjCO^, in particular in cases 
of catalysis by strong acids or Group III trihahdes. 

In arriving at this conclusion no use has been made of the erroneous 
arguments previously given to prove the bimolecular nature of the reaction 


» (a) Kirkwood, Chem. Rev.^ 1939, 24, 233 ; (b) Bateman, Church, Hughes, 
Ingold and Taher, J. Chem. Soc., 1940, 983. 
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from the apparent order with respect to water as these were based on an 
inadequate appreciation of the medium effect.i** 


(d) The Solvent Effect. 

A bimolecular reaction between water and acetic anhydride belongs 
to the class of dipole-dipole reactions and, provided non-electrostatic 
effects are small compared with the electrostatic effect and the transition 
state is dipolar in character, the influence of solvent variation on the 
reaction velocity should conform with the equation 


In A = In 


I D — I /if* _ 
/cTaD-f-/.»/ 


( 5 ) 


In the present case it is indeed found that In ^ is a linear function of 

(Fig. 2) whence it is possible to evaluate the quantity in brackets 

which, as the sign of the slope shows, is negative. It is of interest to 

compare this result concerning the 
electrical nature of the reaction with 
the previously-quoted measurements of 
the salt effect. The following two rela¬ 
tions now exist : 



(tr-x) 


< O 


>0 


and it follows algebraically that they are 
not mutually compatible in the case 
where the dipole radius of the transition 
state is greater than that of every one 
of the reactants, as it would be natural 
to expect on chemical grounds. 

An explanation of these conflicting 
effects does not seem possible at present. 
Of course, it is realised that in reactions 
of this type non-electrostatic effects 
often overshadow the electrostatic ones 
(cf. and the question arising here is 
whether the solvent or the salt effect is less subject to non-electrostatic effects 
and more reliable as evidence concerning the electrical nature of a reaction. 

In the present case it is possible to invert the argument as not only 
a direct ionisation mechanism but also the more probable bimole¬ 

cular mechanism (Sj^2) is attended by an intermediate formation of ions. 
In the Sy2 mechanism the final process is a rapid proton transfer, so that 
the transition state for the whole reaction must be that for the-first stage, 
i.e. the dipolar complex preceding a separation into ions. 


AcO - 


CH, 

i 


-AY“ 


(a) Philip, Proc. Chem. Soc., 38, 259 ; (6) Benrath, Z, physik, Chem., 
1909, 67, 508 ; (c) cf. Dunstan and Mussell, /. Chem. Soc., 1911, 570. 

Glasstone, Laidler and Eyring, The Theory of Rate Processes (McGraw Hill, 
1941), Chap. VIII. 

Amis, Jaff6 and Overman, J. Amer. Chem. Soc., 1944, 66, 1823. 

Amis and Jaff^, /. Chem. Physics, 1942, lO, 598. 

Akerldf, J. Amer. Chem. Soc., 1928, 50, 1272. 
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This transition state would be more polar than the reactants and the 
mechanism in agreement with the solvent effect. It would be possible 
to devise termolecular or even more complex transition states. These may 
have advantages energetically, but have a much lower probability or entropy 
of activation. But whatever mechanism is involved, as long as the sub¬ 
stituting reagent is a neutral water molecule a heterolytic substitution must 
produce a separation of charges and hence a polar transition state. 
Naturally, all polar transition states will be polymolecular in the sense 
that they owe their stability to solvation forces,^* but as solvation forces 
may be explained without any molecular model, it is probably wrong 
to treat the solvating molecules on the same basis as the actually reacting 
molecules in a kinetic mechanism. It has been shown in certain cases 
that the solvent effect is smaller for Sjy2 than for Sj^i reactions,’ which 
can be explained on electrostatic grounds, as it will depend on the extent 
of charge transfer which has taken place when the most energised 
configuration is reached. 

Some of the qualitative arguments which can be advanced relating to 
the explanation of the salt effect which in the present reaction conflicts 
with this picture are analogous to those met in discussions of the behaviour 
of electrolytes in concentrated solutions or in non-aqueous and mixed 
solvents. It is probable that the interpretation of the salt effect depends 
on the specific reaction studied.* 

From the magnitude of the effect of acetone addition it is concluded 
that the main variation of the rate constant accompanying the change 
of initial concentration of acetic anhydride may be interpreted as 
a soh^ent effect. A more detailed electrostatic analysis is not possible, 
as dielectric-constant measurements for mixtures of acetic acid and 
anhydride with water are hardly feasible. 

A very different interpretation of solvent effects in solvolytic reactions 
has been given in which electrostatic effects are not considered specifically.^* 
It was pointed out by Olson and Halford that the rate of a reaction 
with a solvent species in a mixed solvent could be represented by 

v^kY[pT .( 6 ) 

where the terms are the partial vapour pressures of the reactants. 
Since the partial vapour pressures are proportional to the activities of 
the reactants, this equation is equivalent to the old activity rate theory,^* 
another form of which is Dimroth's solubility rule.** The original tests 
of eqn. (6) were actually rather irrelevant, but it has since been demon¬ 
strated that the agreement is excellent for the bimolecular solvolysis 

“ Dobson, J. Chem. Soc., 1925, 2866. 

(a) cf. Steigmann and Hammett, J, Amer. Chem. Soc., 1937, 59 » ^ 53 ^ • 
(b) Hughes, ref. ’, p. 607. 

Gurney, Ions in Solution (Cambridge 1936), Chap. I. 

♦ It has been privately pointed out to the author by Prof. Ingold that in 
the heterolysis of the acetic anhydride molecule there is a considerable distribu¬ 
tion of both the positive and negative charges of the transition state and, as 
ion atmospheres are not very local, this might cancel out most of the positive 
salt effect predicted by simple theory. On the other hand the distribution of 
dipolar solvent molecules is a very local affair and more influenced by the dipoles 
in the individual bonds than by the overall dipole moment, so that the electro¬ 
static solvent effect would be roughly correct as long as the multipole transition 
complex involves a larger separation of charges. 

(a) Olson and Halford, J. Amer. Chem. Soc., 1937, 59, 2644 ; (b) Bartlett, 
ibid., 1939, 61, 1630 ; (c) Bateman, Hugheaand Ingold, J. Chem. Soc., 1938, 881 ; 
J. Amer. Chem. Soc., 1938, 60, 3080 ; (d) Bateman, Church, Hughes, Ingold and 
Taher,/. Chem. Soc., 1940, 1008; (e) Bird, Hughes and Ingold, ibid., 1943, 255; 
(/) cf. Winstein, I. Amer. Chem. Soc., 1939, 61, 1635. 

i»cf. Bell, Aetd-Base Catalysis (Oxford 1941), Chap. I. 

*® Dimroth, Annalen, 1910, 377, 127. 
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of «-BuBr in alcohol-water mixtures.It was pointed out by Bartlett 
that this ought not to necessitate an overthrow of the otherwise well- 
established Brdnsted-Bjerrum equation, but should be interpreted as 
meaning that the activity coefficients of the transition states involved 
were not much affected by the solvent variation. But this can only be 
so if the transition state is non-polar—^which by the previous arguments 
it is not—or if the theory of the electrostatic effects is inadequate. 

It is, therefore, contended that this fugacity rate equation is not 
compatible with the electrostatic theory for the solvent effect and that 
both cannot be valid for the same reaction as they are based on mutually 
contradictory postulates. A study of range of validity of each theory 
and the region of overlap in which both represent fair approximations may 
provide useful data for a comparative assessment of electrostatic and non- 
electrostatic interactions in solution but the above considerations indicate 
that the Olson-Halford equation should only be applied with great 
caution as a diagnostic tool in studies of reaction mechanisms. 

It can be shown that the solvolysis of acetic anhydride does not obey 
the Olson-Halford equation and that therefore the correctness of the 
electrostatic solvent effect theory is not contradicted. 

This test follows from Caudri's data on the kinetics of the simultaneous 
hydrolysis and esterification of acetic anhydride in water-ethyl alcohol 
mixtures and Dobson's measurements of the partial vapour pressures 
of these solvent mixtures and assuming that, over the concentration 
range considered, Henry's law is obeyed by acetic anhydride in every case. 
According to eqn. (6) : 

with H ,0 : v, ^ [AcjO] 

with EtOH : LAc^O} 

where v„ is the instantaneous velocity of hydrolysis and that of esterifi¬ 
cation. and are the conventional first-order constants for these 

TABLE VI. 


Tests of Activity Rate Theory for the Reaction of Ac ,0 with 
EtOH—H ,0 Mixtures at 25°. 


Vol. % EtOH. 

{min.-i). 

k ^ (min.-'). 



0 

OT544 

0 

_ 

_ 

20 

0*0887 

0*0068 

8*2 

0*99 

40 

0*0399 

0*0097 

4*9 

o* 8 o 

60 

0*0171 

0*0085 

3-2 

0*85 

80 

0*00582 

0*00516 

2*5 

1-23 

95 

0*00184 

0*00196 

2*4 

2*04 

100 

0 

0*00060 


— 


reactions, and k/ the “ fugacity rate constants " which, according to 
Olson and Halford, are independent of the medium {w refers to water 
and A to ethyl alcohol). Therefore, the ratio kj^jk/ ^ Pa^^IPv^a should 
be constant for all solvent compositions. An alternative approxiuiation 
due to Bartlett^**» leads to the conclusion that the ratio k^NJk^N^, should 
be such a constant, whereas the application of the Bronsted-Bjerrum 
equation to non-ionic reactions would require k^p^f^fk^p^fy = constant, 
where /* and A sire the activity coefficients of the transition state for 
hydrolysis and esterification respectively. Table VI gives a summary 
of these tests ; the vapour pressures used are approximate interpolations 
only. 

The test shows that, if the bimolecular mechanism is accepted for these 
reactions, the fugacity rate equation is not valid in the present case. As 
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■we might expect the transition states for the two reactions to be rather 
similar, also as far as the charge distribution is concerned, and therefore 
to exhibit a roughly parallel variation of their activity coefficients it 
would not have been surprising to find fair constancy in the fourth column 
of Table VI but this is not confirmed. 


(c) The Temperature Effect. 


It has been mentioned that one of the features of the reaction observed 
in all solvent compositions studied is the distinct departure from the 
Arrhenius law. The effect is in the opposite direction to that which would 
take place if it were caused by the incursion of a side reaction or second 
mechanism, so that this most frequent cause of breakdowns of the 
Arrhenius law can be ruled out as an explanation. 

According to Svirbely, Warner ei the conventional method 

of determining activation energies for reactions whose rates depend on the 
dielectric constant of the solvent leads to a wrong answer, as the tem¬ 
perature variation of the dielectric constant is not taken account of. More 
correctly 


whence 



. dD 


where (isodielectric activation energy) — — /? 



D 


and 


-Lapp. 


- R 


d In ^ 

diT/ry 


It is stated that these isodielectric activation energies conform with 
the Arrhenius law. Applying this formula to the present data, using 
Wyman’s measurements for the dielectric constant of water,** the following 
results are obtained for water (the dielectric constants of the acetone 
water mixtures have not been measured below 20^^). 


TABLE VII. 



(kcal.). 

£/) 

(kcal.). 

\ / T 

(kcal.). 

For 15-25° 

10-51 

10-50 

5-99 

For 5-15° . 

1 

”•34 

17-14 

5-80 


This effect may therefore explain roughly 23 % of the deviation from 
the Arrhenius law, but cannot be the major effect. Its consideration 
also brings about a very substantial change in the value of the heat of 
activation of the reaction. The calculation of these effects is probab^ 
not as accurate as the experimental data, o^ing to the interpolations 

**La Mer and Kamner, J. Amer. Chem. Soc., 1935, 57, 2662. 

**Svirbely and Warner, /. Amer. Chem, Soc., 1935, 57 * 1883 ; La Mer and 
Kamner, ibid., i935» 57 * 2267 » Eagle and Warner, ibid., 1936, 58, 2335 ; Svirbely 
and Schramm, ibid., 1938, 60, 330 ; Lander and Svirbely, ibid., 1938, 60, 1613 ; 
Amis, ibid,, 1941, 63, i6o6 ; Amis and Holmes, ibid., 1941. 63, 2231 : Amis and 
Cook, ibid., 1941* fi 3 * 2621 ; Amis and Potts, ibid., 1941, 63, 2883 ; Amis and 
Price, 7. Physic. Chem,, 1943, 47, 338 : Braude, J. Chem. Soc., 1944, 443- 

** Wyman, Physic. Rev., 1930, 35, 623. 
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involved, but is certainly correct as far as these conclusions are concerned. 
A much more extensive test would, of course, be possible on the present 
data with the knowledge of temperature variation of the dielectric con¬ 
stants of acetone-water mixtures down to o® c. 

Apart from the ionic reactions for which the departure from the 
Arrhenius law may with some confidence be attributed to the neglect of 
the temperature variation of the dielectric constant, a number of other 
reactions with variable activation energies have been reported, and some 
of them re-investigated with care. 

It is noteworthy that nearly all the well-established cases are very 
similar in type to the present one, viz.: reactions of a solute molecule 
with the solvent or an ion produced from the solvent which is, in most 
cases, water. All known cases are found in two complementary summaries 
by La Mer and Moelwyn-Hughes.** For this reason the effect probably 
calls for a more specific explanation than the general arguments of La Mer,** 
which must be fundamentally correct but equally applicable to all types 
of reactions. 

The chief difference between the mechanism of a solvolytic reaction 
and a non-solvolytic one appears to be not so much in the process of 
forming and decomposing the critical complex and in its structure, as in 
the a priori probability of activation taking place, and it is tentatively 
suggested that the explanation of the effect is to be sought in a larger 
temperature dependence of the frequency factor than is deduced in the 
conventional collision theory, or the application of transition state theory 
for simple gas phase reactions. This point will be treated more fully in 
another communication. 

The author wishes to express his gratitude to Prof. C. K. Ingold, 
F.R.S., for encouragement given at various times and also for a most 
helpful discussion during the preparation of this paper. His thanks are 
also due to Dr. H. C. Bolton, Department of Physics, University College, 
Nottingham, for advice on a.c. measurements. 


Summary. 

The first-order rate constants for the spontaneous " hydrolysis of acetic 
anhydride in water and five acetone-water mixtures have been determined 
conductometrically at 5°, 15® and 25®, and the data analysed in terms of the 
parameters of the Arrhenius equation. A review of miscellaneous evidence 
shows that the reaction belongs to the class of nucleophilic bimolecular (Sjyz) 
solvolytic substitution reactions. The solvent effect on the rate constants can 
be explained on the basis of the electrostatic theory for a dipole-dipole reaction 
involving a more strongly polar transition state, though on this basis the simple 
electrostatic theory does not agree with previous measurements of the neutral 
salt effect. It is shown that the fugacity theory of the solvent effect which 
has been applied to other reactions of this class is incompatible with the electro¬ 
static theory of the solvent effect. The temperature dependence of the rate- 
constants does not agree with the Arrhenius law, and the departure cannot in 
the main be due to the effect of the temperature variation of the bulk dielectric 
constant. 

Department of Chemistry, 

King's College, London, 

** La Mer and Miller, J. A mer. Chem. Soc., 1935, 57, 2674 ; Moelwyn-Hughes, 
Proc. Roy. Soc. A, 1938, 164, 295 : cf. Bell, Ann. Reports, 1939, 82. 

** La Mer, /. Chem. Physics, 1933, i, 289. 

*• Akeridf, /, Amer. Chem. Soc., 1932, 54, 4132. 



STUDIES IN ELECTROLYTIC POLARISATION (IV). 

THE EFFECT OF THE SOLVENT ON THE 
HYDROGEN OVERPOTENTIAL (ii). 

By J. O’M. Bockris and S. Ignatowicz. 

Received 2nd July, 1947. 

It has been shown in a previous publication ^ (i) that the pro¬ 
perties of the solvent have a considerable effect on the hydrogen over¬ 
potential at high current densities. In the systems examined previously, 
particular attention was paid to the effect of the solvent on the relation 
between overpotential and c.d. in a number of anhydrous and mixed 
aqueous-non-aqueous systems, containing n. HCl. In the present com¬ 
munication, these results have l>een extended by determinations of over- 
potential at tin and copper cathodes, both metals of fairly high hydrogen 
overpotential, in systems containing methyl alcohol, ethyl alcohol and 
I : 2 dioxane, and their mixtures with water. A report is also given of 
the long time-variation of overpotential in various mixed and anhydrous 
systems, to which, as Hickling and Salt * have stressed, few authors * 
have paid sufficient attention, and a model is suggested upon the basis 
of which the results of this and a previous paper can be interpreted. 


Experimental. 

Purification of Solvents, (i) Methyl Alcohol. —For mixtures with water, 
technically pure methyl alcohol was refluxed with lime for several hours and 
distilled. For anhydrous solutions, the alcohol w'as further treated by the 
method of Bjerrum and Zechmeister* (use of magnesium and iodine). It was 
finally distilled into the solution-preparation vessel as described in (i). 

(ii) Ethyl Alcohol, —Technically pure ethyl alcohol was distilled and the 
constant boiling mixture collected. This was used without further treatment 
for the aqueous-non-aqueous mixtures. For anhydrous solutions, the alcohol 
was dehydrated by the method of Walden, Ulich and Laun * (use of amalgamated 
aluminium). The solvent collected boiled at 77-78®. 

(iii) Diox AN. —Technical dioxan was refluxed for several hours with NaOH 
and then distilled. The portion boiling at loo-ioi® was collected and stored 
over barium oxide in a closed vessel. Portions were removed as desired, dis¬ 
tilled over sodium and immediately used for the preparation of the solution. 

Water used in these experiments was twice re-distilled in an all-glass 
apparatus. 

Apparatus. —No essential changes were made from that described in (i). 

Reference Electrodes, Two hydrogen electrodes of different areas were 
used and the potential of the working electrode measured against each. 
Differences of up to 2 mv. were found between the potentials of the reversible 
electrodes. The value of the potential of the hydrogen electrodes in aqueous 
N. HCl was examined before each experiment as also w^as the e.m.f. of the cell 
formed by the hydrogen electrodes in the non-aqueous test solution and the 
normal calomel electric with a sat. KCI bridge. 

Cathodes. —For tin, molten Analar tin w^as poured into a glass tube *of 
L-shape, the end of which was kept closed by means of a porcelain plate to 
prevent leakage of the metal. The surface of the solid tin filling the end of the 
tube w’as then removed and the new surface scraped with a sharp knife, washed 
with distilled water and wiped with a filter j>aper. The average apparent area 

^ Bockris, Faraday Sac. Discussions, 1947. i» 9S. 

® Hickling and Salt, Trans. Faraday Soc., 1940,' 36, 1226. 

* cf. e.g. Baars, Sif. Ges. Naiurwiss. Marburg, 1928, 63, 213. 

< Bjerrum and Zechmeister, Ber„ 1923, 56, 894. 

• Walden, Ulick and Laun, Z. physik. Chem., 1925, 114, 275. 
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of cathodes thus prepared was about 0*2 sq. cm. Copper cathodes were of electro¬ 
lytic copper wire, and were sealed into Pyrex. Treatment of the surface was 
analogous to that for tin. 

Preparation of Solutions. —Aqueous-non-aqueous mixtures were pre¬ 
pared by the introduction of the appropriate quantity of the non-aqueous solvent 
into a corresponding amount of water, both components having been raised 
to the boiling temperature and cooled during passage of a stream of oxygen-free 
hydrogen. Dry HCl gas (produced by H,S04 on NH4CI) was then passed into 
the mixture together with a stream of hydrogen to facilitate stirring of the 
solution, the concentration being estimated by removal at intervals of a few cc. 
of the solution by means of hydrogen pressure and titration. Solutions thus 
prepared w'ere i ± 0*05 n. with respect to HCl. For the anhydrous solution 
the solvent from the last stage of its dehydration was distilled in a hydrogen 
atmosphere into the solution vessel (cf. (i)) and the HCl solution prepared 
as described previously. The solution was in contact only with glass and 
hydrogen during preparation, transfer to the electrolytic cell and measurement, 
the apparatus being filled with hydrogen before introduction of the solution. 
For further experimental details, and a discussion of the choice of solvent, 
see (i). 

Results. 


Results from the effects of the solvent composition on overpotential, and on 
the Tafel lines in various solvents, are given in Fig. 1-6. Results for the vari¬ 
ation with time are given in Fig. 7. Potentials are on the hydrogen scale. 



Fig. I. —Hydrogen overj-)otential on tin in ethyl alcohol-water mixtures. 
Variations with solution composition. 


It is seen from Fig. 7 that the increase of overpotential with time after switch¬ 
ing on the current is by no means negligible and that it is therefore of importance 
to make allowance for this variation in the method used for mea.suring over- 
potential. This important fact was made clear by Hickling and Salt ^ whose 
method of allowing for the time variation has been utilised (as described 
in (i)). Recent work by the present authors and A. Azzam • shows that an 
increase of overpotential with time occurs at high c.d.'s in solutions distilled in 
hydrogen and through which a rapid stream of hydrogen has been passed for 
at least 12 hr. in an all-glass apparatus protected from oxygen, so that an 
explanation of the variation with time as being connected with the presence of 
oxygen does not appear probable. The degree of variation with time depends 
on the electrode material and the state of its surface. A large amount of the 
more reliable and recent work on hydrogen overpotential has been carried out 
on mercury where the variation with time is very small so that the importance 
of the time factor has not been realised by most authors. 


• Unpublished. 
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From Fig. 7 it is also seen that overpotential on Sn and Cu decays almost 
instantaneously on cessation of the polarising current to a small fraction of its 
value during polarisation and then changes slowly towards the original rest 
potential. The proportion of the total overpotential represented by this slow 
change is generally smaller at tin, lead and copper than at nickel cathodes. 


A - o '/, EtOH. 
B = 50 ‘, 

c 25 '/ .. 

E — 100 . ,, 


Fig. 2, —Hydrogen overpotential on tin in ethyl-alcohol-water mixtures. 

Variations with current density. 

It is .seen from Fig. i that for a tin cathode in ethyl alcoholic solution the 
hydrogen over|>otential is lower than in aqeuous solution at ordinary" temper¬ 
atures at all the c.d.'s examined. In aqueous ethyl alcoholic solution, the over- 
potential passes through a minimum at about 75 % aqueous content and 
a maximum at approximately 50 % aqueous content. In aqueous dioxan 


A — X 10'^ amp. sq. cm. 

B -- 3 X ,, 

C -- 10“^ ,, ,, 

r)--5xio~» 

E — io~- ,, 

F - : io“® ,, 


Fig. 3. Hydrogen overpotential on tin in dioxan-water mixtures. 
Variations wdth solution composition. 

solution (Fig. 3), the behaviour is essentially similar in that a maximum is 
attained at about a 25 % dioxan content. The overpotential then decreases 
with increasing dioxan content towards a value somewhat lower than than in 
aqueous solutions. On copper (Fig, 5), there is a gradual decrease upon increase 
of methyl alcohol content to values considerably lower than those in aqueous 
solution. 
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Fig. 5.—Hydrogen overpotential on copper in methyl-alcohol-water mixtures. 
Variations with solution composition. 



Fig. 6 .—Hydrogen overpotential on copper in methyl-alcohoFwater mixtures. 
Variations with current density. 
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On tin cathodes in ethyl alcohol solutions (Fig. 2) there is little effect of the 
solvent upon the slope of the overpotentiaMog c.d. relation and this tends to 
depart from linearity to the greatest extent in the anhydrous solutions where, 
at the highest c.d. a slight decrease in overpotential was observed. In dioxan 
solutions (Fig. 4) the slopes of the Tafel lines are generally less than those in 
aqueous solutions and they tend to be more linear. On copper (Fig. 6), the 
approximate linearity of the results for most aqueous and mixed solutions is 
changed at non-aqueous contents of 95 and 100 % methyl alcohol to lines showing 
considerable departures from linearity and at the highest c.d. some decrease of 
overpotential with increasing 
c.d. is observed (cf. Hickling 
and Salt®). It cannot yet 
be definitely stated whether 
this behaviour at high c.d.’s 
depends on the presence of 
trace impurities in solution 
or a change in mechanism at 
the higher c.d. s. 

Discussion. 

(i) General.‘ —The changes 
of over|)otential with time are 
not clearly interpreted upon 
the slow' discharge theories ’ 
although they become a con¬ 
sequence of the slow approach 
to equilibrium which would l>e 
exj>ectcd if a chemical com¬ 
bination reaction governs the 
value of the final overpotential 
obtained,® No direct relation 
appears to exist between the 
type of variation with time and 
tile solvent system. The slew 
decrease of overjjotential with 
time which follows the initial 
rapid decrease suggests that at 
least part of the over- 

potential at the electrode de¬ 
pends upon the presence of 
electromotive adsorbed ma¬ 
terial at the electrode. It may 
be noted that these results are 
not similar quantitatively to 
those of Frunikin» on the 
highly active metal palladium 
where this author found that, 
approximately (.see Fig. 7) ; 

It - v'r 

effects reported here may be compared with those of Lewina 
ana Silberfarb ^ who obtained at a mercury cathode in a n. HCl solution in 
ethyl alcohol an analogous lowering of the overpotential compared 
solution, deviations from linearity in the overpotential- 
sense as that observed here being obsei^-ed at about 
<in7iifmnFnr? rej^ited here at tin and copper cathodes in alcoholic 

and those of Part I for the analogous systems, lead in methpyl 

Fie ®K alcohoUc solutions. The minimum shown in 

Fig. 5 at 95 ^ methyl alcohol content can be compared with that reported in 

A 8a, 447; Proc. Roy. Soc. A, 1932, 134 

ioL’ I I93i. «6a, 53 ; FnimkiS. i6,U, 

I 933 f *04* 121 , Ada Physicochtm., 1943, i8, 23. 

355 : Massing and Laue. 

• Frumkin and Aladjalowa, Ada Physicochim.f 1944, 10, i 
Lewina and Silberfarb, Ada Physicockim,, 1936, 4, 2^2. ‘ 



Fig. 7.' 


-Variations of overpotential with time. 
Growth and dccav curves. 


A. For tin in 100 % EtOH at io~^ amp./cm.* 

B. For copper in 100 % MeOH at lo"*^ amp. /cm.* 
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Part I where an analogous minimum was observed at 90 % methyl alcohol 
content at a nickel cathode for all c.d.*s. 

These results do not seem to be easily interpretable according to the slow 
discharge theories of overpotential. This is most clearly borne out by the vari¬ 
ations of overpotential at tin in the ethyl alcoholic system where the dependence 
of the overpotential on the solvent in no way corresponds to Goldschmidt’s 
curves for the variation of concentration of the hydroxonium ion with the 
proportion of water present in this system which would seem to be the approxi¬ 
mate behaviour expected were the theory applicable. Hence a further discussion 
of the solvation possibilities of the proton appears unnecessary. The increase 
of overpotential at a tin cathode observed at all c.d.’s upon addition of methyl 
alcohol or dioxan to the solution is in contradiction to the prediction of the effect 
of the addition of similar substances made by Eyring, Glasstone and Laidler 
on the basis of their reaction-rate theory of overpotential. 

General conclusions which can be drawn from the results of ( 1 ) and (ii) 
on the solvent effect on overpotential may be summarised thus : 

(а) the solvent effect on hydrogen overpotential depends both on the pro¬ 
perties of the cathode and of the solvent; 

(б) the effect is generally greatest for cathodes of lead and tin (low ad¬ 
sorptive metals) where in anhydrous non-aqueous solvents, the overpotential 
is generally lowered ; 

(c) at nickel (high adsorptive power) the overpotential is either little changed 
or somewhat increased by the presence of substances capable of forming hydrogen 
bonds with the metal (e.g. alcohols). In other solutions, it is lowered similarly 
to the behaviour of lead, tin and copper ; 

(d) the effect of the solvent on copper cathodes, which are intermediate with 
regard to power of adsorption for hydrogen, resembles that on lead and tin 
more than on nickel; 

(^) in mixed solvents, complex variations of overpotential tend to occur w ith 
varying composition. For lead and tin there is often a tendency to pass through 
a maximum at intermediate compositions; 

(/) the solvent may either increase or decrease the value of b in the Tafel 
equation. There is some tendency at tin and lead cathodes for the value to 
pass through a maximum at intermediate compositions. 

The most notable conclusion which may be drawn from the results hitherto 
obtained is that the solvent effect is dependent on the cathode material and 
therefore does not seem to depend principally upon the environment of the 
hydrogen ion, which would seem to follow according to the slow discharge theories. 
This latter conclusion supports a similar one, made upon a quite different basis, 
by Hickling and Salt.^* It seems that an attempted explanation of the results 
of (i) and (ii) must assume a model in which the properties of the metal surface 
are essential factors determining the hydrogen overpotential. 

(il) Solvent Layer Theory.—In recent years it seems that there has 
been some tendency again to regard the slow^ combination of some entities on 
a cathode surface as the limiting reaction governing overpotential. Thus 
Frumkin and Aladjalowa,* commenting on their results for the hydrogen over¬ 
potential at a palladium cathode, state that “ in the most general case the rate 
of combination of atoms must be rate-determining." Evidence for the cathode 
materials examined here is insufficient to indicate finally the mechanism involved. 
The present theo^ is given to indicate that an interpretation of the solvent effect 
on overpotential is possible according to a slow combination mechanism also. 

In the model tentatively proposed here it is postulated that a layer of solvent 
molecules is situated at the cathode surface, held by coulombic and/or van der 
Waals adsorption forces, i.e. by the interaction of the solvent molecules with 
the long-range electric and adsorptive forces respectively at the cathode-solution 
interface. Thus, the solvent molecules are regarded as being held electrostatic¬ 
ally to the surface of the cathode, the negative ends of their dipoles being oriented 
towards the bulk of the solution ; for some systems, where adsorption forces are 
strong, these may predominate over the coulombic forces and thus change the 
principal mode of attachment, the solvent molecules then being held to the cathode 
by some particular group attached to an appropriate centre on the cathode. 

Goldschmidt, Z. physik. Chem., 1914, 89, 129. 

Eyring, Glasstone and Laidler, Trans, Electrochem. Soc.^ 1939, 76, 331 ; 
Frumkin, Acta Physicochim., 1940, 12, 481. 

Hickling and Salt, Trans. Faraday Soc„ 1941, 37, 224. 
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Approach of an ion brings about neutralisation near the electrode and it is 
assumed that this is not generally the rate-determining step. The hydrogen 
atom formed from the neutralised ion is then adsorbed on to the electrode 
and this is followed by catalytic combination and evolution of hydrogen. The 
details of the mechanism of the slow catalytic combination need not be discussed 
for the present purposes but it may be supposed to be predominantly that of 
Tafel at low and intermediate c.d. with a probable component from the electro¬ 
chemical mechanism at higher c.d. The hydrogen overpotential, established 
at the cathode when a steady state is reached, is then a function of several factors. 
Energetically, the essential cause would be said to be in the difference in activity 
between the adsortnid hydrogen atoms and the hydrogen particles just outside 
the cathode-solvent layer, this difference being caused by the fact that the slow 
rate of formation of hydrogen molecules from entities at the cathode surface 
constitutes a block preventing the immediate removal of hydrogen atoms formed 
on the; negative side of the solvent layer. This mechanism implies that over¬ 
potential IS affected by the nature of the solvent layer for the latter obviously 
governs the fraction of the cathode available for catalysis. Thus hydrogen 
overpotential in a given solvent must be affected by the following factors. 

(i) The adsorptive jiroperties of the cathode for solvent molecules : If the 
capacity of the ( lectrodc for chemisorption is low, the mode of attachment of 
the solvent di])oles is likely to be predominantly electrostatic. Conversely for 
metals generally considered to have good adsorbent power, this property may 
govern the attachment of solvent molecules to the cathode, so that the solvent 
layer does not di’pend primarily upon the polar properties of the solvent molecule. 

(ii) riie dipole moment and chemical structure of the solvent molecule : 
For cathodes at which attachment of the solvent layer is predominantly electro¬ 
static, lowering of the solvent dipole moment sht>uid bring about a less intense 
attachment to the cathode. Correspondinglv, wliere the metal has a capacity 
for adsorption, molecules possessing groups such as —OH, which may take part 
in a hydrogcn-lxmd attachment to the cathode, seem more likely to be strongly 
adsorbed on the cathode than molecules lacking these groups. 

(ill) The dimensions of the solvent molecule : For a given degree of attach¬ 
ment to the cathode, this factor clearly affects the fraction of the surface occupied. 

Application of the aluive motlel to the results reported in (i) and the 
present paper can be briefly outlined as follows. For lead and tin cathodes it 
seems reasonable assume that the solvent layer is attached to the cathode 
by predominantly coulornbic means. Substitution of water by methyl alcohol 
would then bring alxiut a less intense attachment of the dipoles to the cathode 
than in aqueous solution because the dipole moment of methyl alcohol is less 
than that of water.* A greater catho<le area is thus available for combination 
of atomic hydrogen so that in methyl and ethyl alcoholic solution at tin and lead 
cathodes, the overpotential might be expected to decrease as actually found. 
A similar reasoning may be ap])lied to the results re^xirted for copper in methyl 
and ethyl alcohols and also to acetic acid and dioxan solutions, where similar 
decrea.so of overp(.»tential are indicated by extrapolation from measurements 
made at high non-aqueous contents. No strict paralleliMii between the decrease 
of oveiq^otenlial and the dipole moment of the solvent would be expected because 
other factors, such as molecular size, may vitiate ciny simple relation. Thus, 
as acetic acid and dioxan have notably smaller dipole moments, than water, 
the corresponding decrease in the number of molecules attached to the cathode 
surface is compensated by the relatively large size of these, so that the over¬ 
potential at a lead cathode in acetic acid and dioxan solutions may be reason¬ 
ably expected to be intermediate lx*tween that in water and methyl alcoholic 
solvents, is so. 

For nickel cathodes, a greater tendency to form hydrogen bonds is expected 
and hence if the structure of the solvent be appropriate, e.g, for alcohols, the 

Tafel, Z. physik. Chem,, 1005, 50, 641. 

Butler and Ockrent, J. Physic, Chern,, 1930, 34, 2286. Ockrent, J. Physic. 
Chem , 1931. 35, 3354. 

“ Okomoto, Horiuti and Hitora, Set. Papers Insi. Phys. Chem. Res., Tokyo, 
1936, ^9, 223. 

* The quantitative relation between the probability of adsorption of methyl 
alcohol and water molecules involves an exponential term containing the polar- 
isability of the molecules concerned. Relatively small differences in dipole 
moments and polarisabilities therefore cause relatively large differences in 
probabilities of attachment to the cathode. 
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mode of attachment to the cathode is entirely by means of hydrogen bonds. 
If, now, a non-aqueous additive such as methyl alcohol is introduced into the 
solution, the centres formerly occupied by water will be partially replaced by 
methanol and the net number of spaces occupied should then be of the same order. 
Thus the overpotential might be assumed to remain approximately the same or 
to undergo some increase owing to the larger cross-sectional area of the organic 
molecule. The same reasoning renders clear the results reported on nickel 
in alcoholic, glycollic and formic acid solutions (see (i)). In dioxan solution 
where the tendency for chemisorption on the cathode is small, predominantly 
electrostatic attachment must occur, so that, similarly to the reasoning adduced 
for tin and lead cathodes, the overpotential tends to decrease when ^e dioxan 
content increases. 

In mixed solvents the variations of overpotential shown are complex and 
the attempted interpretation is difficult. In systems similar to that of a copper 
cathode in methyl alcoholic solution, the essential explanation may be similar 
to that advanced in the limiting case of anhydrous solutions. In attempting 
to interpret the behaviour of systems such as that of tin in aqueous ethyl alcoholic 
HCl solution, and aqueous dioxane HCl solution where there is a maximum of 
the overpotential for all c.d.'s, it may be observed that in a mixed solution on 
cathodes having a low power of adsoiption, solvent molecules of the two com¬ 
ponents are probably held electrostatically in a proportion depending on their 
dipole moments. Electrostatic interaction would then be expected in that the 
-fve poles of the smaller molecule attached to the cathode, tends to attract 
the negative poles of the larger, which was originally oriented towards the solu¬ 
tion. The configuration of the solvent layer therefore tends to increase the area 
of the cathode which it effectively poisoned for the combination of hydrogen 
atoms, so that the overpotential should be increased. 'W'hen a sufficient quantity 
of the non-aqueous component is present on the cathode, the lowering of over- 
potential brought about in the way suggested above for anhydrous systems, 
predominates, so that a maximum is found on the overpotential-solvent com¬ 
position relation. The interaction between the dipoles would presumably take 
place irrespective of the mode of attachment for the high and medium over- 
potential metals discussed. 

It should be stressed that the experimental knowledge of adsorption on the 
systems discussed above is very limited. Some information exists for the 
adsorption of alcohols, etc., on mercury, however, and experiments on the 
solvent effect on the hydrogen overpotential at this substance are therefore in 
progress. 

Finally, it can be shown that a quantitative development of the above model, 
utilising a suitable isotherm such as that of Freundlich, yields equations for the 
relation of oveipotential and log c.d. of the same form as those given by most 
recent theories. It seems of little advantage to present here a quantitative 
description of the model until data have been obtained which will allow the 
order of the main parameters involved to become known. Exjicriments with the 
aim of determining such parameters are in progress in the present department. 

One of us (J. 0 *M. B.) wishes to give sincere thanks to Dr. H. J. T. 
Ellingham for his interest in a part of the above work. Thanks are also 
due to the Polish Board of Technical Studies, London, for financial 
assistance to S. I. 


Summary. 

The hydrogen overpotential in mixed aqueous-non-aqueous and anhydrous 
solutions of HCl containing methyl alcohol (copper cathode), ethyl alcohol (tin 
cathode) and dioxan (tin cathode) has been measured over a complete range of 
solvent compositions in the c.d. range io~* — 5 X amp./sq. cm. 

In all systems examined, hydrogen overpotential tends to be lowered in the 
anhydrous solutions. On tin cathodes, maxima are reached at intermediate 
compositions. 

The long time-variations of overpotential both after commencement and 
cessation of the polarising current are described. 

The time-variation of overpotential supports the view that at least a part 
of the total overpotential is not concerned with the slow discharge mechanism 
generally described. The solvent effect is discussed according to a model of the 
working electrode in which the essential feature consists in the assumption that 
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a solvent layer, held on the surface of the electrode, afiects the velocity of the 
rate-determining combination reaction occurring at the cathode during the 
electrolytic evolution of hydrogen molecules. The mode of attachment of the 
solvent layer is postulated as &ing either predominantly by coulombic or van 
der Waals forces according to the nature of the cathode surface, and the electrical 
and chemical properties of the solvent molecules. The qualitative version of 
the theory described accounts for the main features of the results reported in 
this and a previous paper. 


Department of Inorganic and Physical Chemistry, 
Imperial College of Science, 

South Kensington, 

London, S.W,'j, 


PENETRATION OF PROFLAVINE INTO 
BACTERIAL CELLS. 

By S. Jackson and C. N. Hinshelwood. 

Received 25th Jum, 1947. 

One of the suggestions made in connection with the inhibitory action 
of drugs on the growth of bacteria is that the effect depends to an im¬ 
portant extent upon the ease of penetration of the cell. In particular, 
adaptation to resist the action of drugs is sometimes assumed to be due 
to an alteration in the permeability of the cell to them, or to the selection 
of strains less permeable than the average. 

One example of drug adaptation which has been extensively studied 
is that observed with Bact. lactis aerogenes and proflavine, and some success 
has been achieved in accounting for the observations in terms of a theory 
which takes no account of permeability as a possible limiting factor.^ 

The experiments to be described were made to throw some light upon the 
problem of the importance of permeability. The most obvious way of deter¬ 
mining the rate at which inhibition by proflavine occurs w^as to find the effect 
of adding it to a culture already in the phase'of logarithmic grow'th. Such 
cultures were accordingly prepared, the phosphate-ammonium sulphate-glucose 
medium, previously described, being employed. In this the bacteria grow well, 
and have a mean generation time of 33 min. at 40° c. A number of tubes of 
medium were inoculated in parallel from the same parent culture. One was 
allowed to grow normally and served as a control. To the others, as soon as 
logarithmic growth was well established, suitable small volumes of concentrated 
proflavine solution were added, so as to establish concentrations ranging from 
10 to 200 mg./I. 

The growth of all the cultures was followed by sampling and counting at 
suitable times—5 min. intervals after the drug additions. The counts are 
recorded as average numbers in a haemacytometer field, the actual number of 
cells per ml. being 1*25 X lo* x count. 

The controls grew quite normally in respect of rate and total population. 
When proflavine was added at a count of about 100, growth continued for about 
20 min., during which time the number of cells increased by about 20 %. Aftor 
this, growth was sharply arrested for a period of hours (this period being compar¬ 
able with the lag which would have been shown had the cells been inoculated 
directly into medium containing proflavine). The results are shown in the 
table, from which it is seen the extra growth occurring after the addition of 
the drug is not only slight, but is practically independent of the drug con¬ 
centration. 

* Davies. Hinshelwood and Pryce, Trans. Faraday Soc., 1944# 4 ^» 397 ; 
* 945 * 4 *» 163; 1945, 41, 778 ; riyce, Davies and Hinshelwood, ibid., 1945, 

41* 465. 
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TABLE 1 . 


Concentnition of i 
Added Drug ' 
nig./l. 

Count at 
Addition. 

Count at Arrest. 

Ratio. 

Mean. 

10 

no 

138 

1-25 

I'20 


iib 

132 

I-T 4 


20 

93 

115 

T-24 

1-28 


100 

T40 

1*40 



118 

144 

1*22 

1 

40 

98 

123 

1*26 

1-26 

100 

89 1 

T03 

1*16 

I-2I 


76 

95 

1*25 


200 

95 

I 12 

i*i8 

I-I 4 


107 

118 

I-TO 



This fact seems to be of some significance. Suppose that for effective 
inhibition of division a concentration x (>f proflavine must be attained 
inside the cell. The avcirage concentration during the time between the 
addition of the drug and the cessation of growth will be approximately 
xjz. During this time tlie average rate of penetration will bt^ (c — xl 2 )ld, 
where c is the external proflavine concentration and d is a factor depending 
upon the permeability. Even lo mg./I. of the drug produces inhibition, 
so that in most of the experiments, c must be very much greater than x. 
Hence the rate of attainment of the inhil)itory concentration in the cell 
should be nearly proportional to c. Since, however, the time required 
for the onset of the inhibition and the extra growth occurring are prac¬ 
tically constant over the range of proflavine concentrations 10-200 mg./l., 
it would seem that the rate of penetration is not of great importaiie' in 
the mechanism of the inhibition. 

What appears to happen is that about one cell in five suffers division 
once more after the addition of the drug, and, since the penetration factor 
seems not to be a limiting one, it is probable that those cells which are 
far enough advanced towards division when the drug is added complete 
the process, while the others divide no more. 

Summary. 

When proflavine is added to a culture of Bact. lactis aerogenes in logarithmic 
growth about one cell in five undergoes one further division before the inhibitory 
action of the drug is complete. Since the proportion is independent of the pro¬ 
flavine concentration over a wide range, it is argued that the rate of penetration 
of the drug into the cell is not a significant controlling factor. 

Physical Chemistry Laboratory, 

South Parks Road, 

Oxford, 



MOLECULAR DISTILLATION AND SUBLIMATION. 

By P. C. Carman. 

» 

Received 24th January, 1947 J revised, 2^rd July, 1947- 

In comparatively recent years, the process of molecular distillation 
has been developed to the status of a large-scale, chemical engineering 
unit operation ; but there has been little discussion of its general limita¬ 
tions, or of its relationship to other modes of distillation. Articles on 
molecular distillation leave the general impression that it becomes operative 
only at pressures of the order of lo"^ mm. and that the distance of the 
condensing surface from the evaporating surface must be less than one 
mean free path of the vapour molecules.^' • It is proposed to show here 
that molecular distillation has a much wider scope than would be suggested 
by these limitations. 

Distillation implies a combination of the following stages : (i) transfer 
of heat to an evaporating liquid to provide latent heat of vaporisation 
and to maintain the liquid at absolute temperature, T, (ii) formation of 
vapour at the liquid-vapour interface, (iii) transfer of vapour and (iv) 
condensation of vapour at a condenser surface maintained at a relatively 
low temperature, T^. In text-books on distillation, little attention is 
devoted to the fact that formation and transfer of vapour is achieved by 
three distinct mechanisms, which may be described as (a) ebullition, 
(b) normal evaporative distillation and (c) molecular evaporative distilla¬ 
tion or molecular distillation. The relationship between these can be 
explained by considering a liquid maintained at constant temperature, 
while the pressure, P, in the space above it is gradually decreased. Initi¬ 
ally, P is much greater than the saturation vapour pressure, 77 , of the 
liquid at temperature, T, so that an inert gas, such as air, is present, 
through which vapour produced at the liquid surface is transferred by 
diffusion and/or convection to the condensing surface. Under these 
conditions of normal evaporative distillation, the rate of distillation is 
controlled by the rate of mass transfer between evaporating and con¬ 
densing surfaces, not by the rate of heat transfer. If the rate of heat 
transfer is increased, the liquid rises in temperature till the increase in n 
produces a corresponding increase in rate of mass transfer. 

If P is decreased till it is equal to 77 , bubbles can form and grow in the 
liquid, so that distillation normally takes place by ebullition. The rate 
of distillation is here controlled by the rate of heat transfer, since the 
temperature of the liquid remains constant, while the liquid-vapour 
interface can be increased to an unlimited extent by formation of bubbles. 
Above the liquid, vapour is not transferred by diffusion or convection, 
but by bodily movement, and, as the condenser must usually be well 
separated from the boiling liquid to avoid splashing, there can be a distinct 
difference in total pressure between boiler and condenser, owing to frictional 
losses. 

For most common liquids, there is thus an abrupt change in the mode 
of distillation when P is decreased to 77 , and P cannot be decreased below 
77 . In the case of many oily liquids with very high boiling points, 77 is 
very small up to the highest temperatures to which it is safe to heat them, 
and, under these conditions, bubbles do not form readily. It is then 
possible to decrease P below 77 , and there is a more-or-less gradual change 

1 J. Soc. Chem. Ind., i939» 58, 39 and 43. 

* Hickman, Chem. Rev., 1944, 34, 51. 
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from normal evaporative distillation, controlled by rate of transfer of 
vapour, to molecular distillation, in which the rate of distillation is con¬ 
trolled by the absolute rate of evaporation, i.e. the rate at which molecules 
escape from the free surface of the liquid. 

It is important to note here that sublimation of solids can be treated 
in exactly the same way as distillation of liquids ; and that, as ebullition 
is impossible, sublimation can only show the change from the normal 
evaporative to the molecular evaporative process as P is decreased. 


Equations for Evaporative Distillation. 


The transition from normal evaporative to molecular distillation or 
sublimation may now be discussed quantitatively. It is not easy to ex¬ 
press rates of distillation quantitatively if convection is involved, but 
the essential points can be made clear by assuming that transfer of vapour 
takes place only by true diffusion to a parallel condenser, at a distance, x, 
from the evaporating surface and equal to it in area. Then, if 

w = rate of distillation in g./cm.* of liquid-vapour interface/sec. 

M == molecular weight of vapour relative to O = i6. 

D =s= coefficient of diffusion in cm.*/sec. 

Pi = partial pressure of vapour in dynes/cm.* at liquid-vapour 
interface. 

Ilg = saturation vapour pressure at Tg in dynes/cm.*. 

R = gas constant in c.g.s. units = 8*3 x 10’. 


w == 


MDP 

RTx 


In 



In this, DP is independent of P and proportional to T*/* so that 



(X) 


(2) 


where ki = 2*3^ = 


2’^MDP 

Rf 


and is proportional to y/T, but is otherwise 


constant. 

The usual practice in chemical engineering calculations is to assume 
equilibrium at the liquid-vapour interface, i.e. P< = IJ, whence 



(3) 


and, if U is small compared with P, this becomes 

k n - n, 

W = - . -rr-• . 


(4) 


The equation generally employed for the absolute rate of evaporation, 
in molecular distillation is 

2iri?r. 

Now, the right-hand side of this equation represents a calculation of 
the rate of collision of vapour molecules with the liquid surface in a 
saturated vapour. If no colhding molecules rebound, this equals the rate 
of condensation and hence the rate of evaporation, Wq. It follows that, 
if the partial vapour pressure at the liquid-vapour interface is P<, the 
rate of collision and hence the rate of condensation will be Wq . Pi I H, 
while the absolute rate of evaporation is unchanged. Then, 


rate of distillation = absolute rate of evaporation — rate of condensation 
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Eqn. (7) would still be obtained if the accommodation coefficient, a, 
is less than unity, i.e. if part of the colliding molecules rebound ; pro¬ 
vided that a is the same at vapour pressure, as at 77 . In the following 
treatment, it will be assumed that this is true and that eqn. (6) is there¬ 
fore valid. In the curves calculated for water in the next section, it is 
assumed that a = i, but they would be little affected if a had smaller 
values. 

Putting (2) and (6) together, 



emerge as the fundamental equations defining rates of evaporative dis¬ 
tillation, i.e. by eliminating P<, w can be calculated under any given set 
of conditions, P, x, T and latter two quantities giving ki, w^, JI 

and IJe. 

Eqn. (7) lead to two important limiting approximations. First, solving 
for P, in eqn. (6), 



whence, if w/Wq is very small, P<r^ 11 , i.e. eqn. (3) is obtained for normal 
evaporative distillation. As eqn. (3) only gives real values of w when 
P > n, normal evaporative distillation is similarly limited. 

Second, solving for P< in eqn. (2) 

wx 

P^ = P — (P — / 7 ^) X 10 *1 . . . (2a) 

so that, when ^>t, or — the second term rapidly becomes 

ki Wq WqX 

very small, giving P<^^P. It follows that the equation typifying 
molecular distillation is 

«' = «'o(i-^).(8) 

This gives positive values of w only if P < 77 . Clearly, over a more-or- 
less limited range of P near P ^ II, a, distillation is neither normal evapor¬ 
ative nor molecular, but a combination of the two as described by eqn. 
(7). Eqn. {2a) also apparently shows that P< should be greater than P, 
if P < 77 ,. so that molecular distillation is limited to 77 , < P < 77. The 
meaning of this is that, when P — 77 „ the vapour has this pressure at 
both the evaporating and the condensing surfaces, so that much or most 
of it is removed uncondensed by the vacuum pump. Actually. P can 
be reduced below 77 ,, but the condenser then ceases to function, all vapour 
being removed by the pump, and the process ceases to be distillation. 

Evaporative Distillation of Water. 

Further discussion of eqn. (7) in terms of mathematical symbols would 
not be very fruitful, so that the essential points are illustrated by plotting 
curves for water. Rates are plotted as’ratios, w/wq, against the variable of 
chief interest, P, using logarithmic scales in both cases. Curves in Fig. i 
and 2 are for 20° c., —20° c., —50° c. and —80® c. when ;r = i cm., and in 
Fig. 3 for = i mm., i cm., and i m., respectively, when the temperature 
is —20° c. It is assumed that the condenser temperature is always sc^ 
low that 77 , can be neglected. Thus, eqn. (7) become 



and eqn. (3) becomes 

A.iog-Z— . 

w, w,x '^p — n 


■ ( 3 «) 
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Fig. I. — wJwq against P at three different temperatures, x = i cm. 
Full curves for equations (3a) and (8), broken curves for equation (7a). 



Fig. 2.— w/Wq against P at — 80® c., x — i cm. 

Full curves for equations (3a) and (8), broken curve for equation (9), 
dotted curve for mean free path correction, equation (10). 



Fig. 3.— w/Wq against P at —20® c. for three values of x. 

Full curves for equations (3a) and (8), broken curves for equation (ja). 
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Experimentally, for water vapour-air at o° c. and i atm., D is 0*22 cm.*/sec., 
from which it can be calculated that 

— 4 X io~*, in consistent c.g.s. units. 

Other essential data are as follows : 


Temperature. 

Tim mm. 

a>o- 

Wolki. 

20° c. (water) 

17*5 

0*25 

600 

— 20° c. (ice) 

0*77- 

1*2 X IO-* 

30-4 

-50° c. (ice) 

0-03 

4*9 X 10-* 

1-34 

1 

00 

0 

0 

0 

I 

4 X 10-* 

7‘i X iO“« 

2*1 X IO~* 


In Fig. 1-3, the true curves given by eqn. 'j(a) are plotted as broken curves 
for each set of conditions, and it can be seen how these merge into 
the limiting eqn. (3a) and (8) which are plotted as full curves. The 
value of wlw^ for P = 77 is also clearly marked. The fact that the curve 
at 20° c. refers to liquid water and the others to ice is immaterial, since 
almost exactly the same curves will be given for liquid and solid, provided 
they are compared, not at the same temperature, but at the same values 
of 77 and of x. The curves for ice at —20° c. have recently become of 
great importance, since it is the temperature employed for removal of 
water from aqueous penicillin solutions. 

First consider water at 20° c., this being characteristic also of higher 
vapour pressures. Even when P is decreased to 77 , wjw^ is extremely 
small, so that eqn. (3a) for normal evaporative distillation applies with 
great accuracy down to P = 77 , at which water boils. If, however, 
boiling could be prevented, or if ice could exist with the same vapour 
pressure, the curve in Fig. i shows an abrupt transition to molecular 
distillation as given by eqn. (8) when P = n, accompanied by a great 
increase in rate of distillation. 

The behaviour of ice at — 50® c. in Fig. i typifies evaporative dis¬ 
tillation of substances with low vapour pressures. Here wIwq 0*35, 
when P n, with the result that there is no sharp change from normal 
evaporative to molecular distillation, and there is a considerable range 
on either side of P == 77 for which eqn. (3a) and (8) are not applicable. 

The curve for ice at — 20° c. in Fig. i when at = i cm. is intermediate, 
as would be expected, but it will be noted that, when x is varied, as in 
Fig. 3, the curve iox x — i mm. is similar in character to that for — 50° c. 
and AT = I cm., while the curve for at = i m. is similar in character to that 
at 20° c. for AT = I cm. This "is solely because of the influence of x on 
rates of diffusion, as given in eqn. (3a). Rates of molecular distillation 
are independent of x, as shown by eqn. (8) and illustrated by the curves 
for — 20° c. 

For ice at —80° c. as in Fig. 2, with a vapour pressure of the order 
of io~* mm., the limiting eqn. (3a) and (8) are clearly not of much 
use, and w remains nearly equal to up to values of P which are con- 

siderably greater than 77 . It is not difficult to show that, when —^ >► i, 

as is the case here, P< is always much less than P, whence ♦ 



\ k P, 
) P 


and eqn. (7a) then reduce to 
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Influence of Free Mean Paths. 

In the case of ice at — 8o° c., the mean free path, A, of the water 
vapour molecules in air becomes greater than x while P is still much greater 
than n. Thus, at o° c. and i atm. 

A~ 1 X IO-* cm,. 

whence A c=: i x io-‘ x — X ^ (P in mm.) 

273 -P 

and therefore, at — 80° c., 

5 -4 X io- » 

A- p , 

i.e. A = I cm. when p = 5*4 x io~* mm. This introduces a fundamental 
point which has thus far been ignored, since, if x is of the same order as A, 
evaporating vapour molecules can reach the condensing surface before 
colliding with an air molecule. Under such conditions, the diffusion 
coefficient, jD, used in calculating kx of eqn. (7a) and h of eqn. (9), loses 
its meaning. The form of the correction to be adopted would be difficult 
to obtain on purely theoretical grounds, but an approximate method has 
been suggested by Fuchs.® A concentration gradient of vapour through 
the surrounding air or other permanent gas cannot be set up by the pro¬ 
cesses of diffusion until evaporating vapour molecules collide with air 
molecules. One can therefore postulate that the average effect is the 
same as if P, were constant over a finite thickness, A, which is equal to, 
or of similar magnitude to A, and that a normal diffusion gradient is estab¬ 
lished beyond this point. In brief, eqn. (7a) and (9) can be corrected 
by replacing x with — A). The efect of this correction, assuming 
A == A, is shown in Fig. 2 by a dotted curve, the main point being that 
wfiv^ = I when A = ;r. 

Evaporation of Droplets. —Some experimental data which afford at 
least a partial confirmation for Fuch's theory have been provided by 
Bradley, Evans and Whytelaw-Gray,* measuring rates of distillation of 
liquid droplets in an enclosure lined with adsorbent charcoal (i.e., /7c = o). 
According to Langmuir,® if evaporation is governed by diffusion, the rate 
of. evaporation from a droplet of mass m, and radius a, into an infinite 
enclosure is given by 

dw , MDU 


i.e. 


^ MDn ^hn 
~ RTa ~ aP‘ 


This assumes P >► 77 , as was always the case in Bradley’s experiments 
and is analogous to eqn. {4). Similarly, if w approaches w^, IJ must be 
replaced by P<, and we derive an equation analogous to eqn. (9) 

Wo , w^aP 

■^7 - " + W 

Suppose now that correction be made for the Fuchs layer, A. Then 
diffusion takes place from a sphere of radius, (a + A), whence 

- — 4^a*ie; = 4w(a -f A) . 

(a -f A)kPi 

I.e. w = i —* 


• Fuchs, Physik. Z, Sowjet., 1934 224. 

* Bradley, Evans and Whytelaw-Gray, Proc. Roy. Soc. A, 1946, 186, 368. 
® Langmuir, Physic. Rev., 1918. 12, 368. 
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and 


w (a + A)^i 7 ' 


Bradley has shown that an equation of this type accords with his results. 


Influence of Correction. —The correction for A cannot become appreci¬ 
able till A becomes comparable with x. Now, in general, even for larger 
molecules, A at 760 mm. and the distillation temperature is of the order 
of io“* to io“"® cm., while x is of the order of cm., whence A cannot become 
comparable to x until P is less than io“* to 10“* mm. On the whole, 
therefore, we can distinguish two cases. 

(i) If n is well above lo”* mm., diffusion no longer controls when the 
correction becomes effective, so that corrections of x are immaterial. 
Eqn. (7a) can then be applied as they stand. 

(ii) If n is of the order of lo”* mm. or less, \ ^ x when P < 11 , so 
that the correction must be applied. As eqn. (ya) reduce to eqn. (9) under 
these conditions, the equation to be applied is 


w kn ' 


(10) 


Discussion. 

In general, distillation or sublimation will be carried out at the highest 
practicable temperature, since the increase in vapour pressure favours 
rapid distillation ; but temperatures are often limited in practice by 
danger of decomposition. The usual procedure for liquids has been, and 
will continue to be, to reduce pressure till boiling takes place at a safe 
temperature, since this only requires simple apparatus and gives high 
rates of distillation. Ebullition, however, possesses some distinct limit¬ 
ations. To avoid splashing, the condenser must be at some distance 
from the boiling liquid and, since vapour is transferred by flow instead 
of by diffusion, the condenser must be placed between boiler and vacuum 
pump. Now, at very low pressures, the volume of vapour produced is 
so great that (i) frothing and splashing tend to be excessive, (ii) the fric¬ 
tional losses between boiler and condenser are very appreciable, compared 
with the pressure maintained in the receiver by the vacuum pump. This 
is recognised in modern apparatus by use of wide passages for flow of 
vapour, but, even so, it is found that, no matter how small the pressure 
maintained by the vacuum pump, the pressure in the boiler might remain 
as high as 5 mm. Thus, if the liquid cannot safely be heated until its 
vapour pressure exceeds 5 mm., it cannot be boiled. In addition to this, 
nucleation and growth of vapour bubbles does not take place easily at 
very low pressures, and boiling may not occur at all, particularly in liquids 
with high viscosities. 

It is in such cases that evaporative distillation is employed. The 
condensing surface is brought into the same space as the evaporating 
surface, and the whole space is evacuated to a uniform, small pressure, 
generally small enough to bring about the change from normal to molecular 
evaporative distillation. With this arrangement, boiling must clearly 
be avoided. Rates obtainable by this method may be compared with 
ebullition. A good overall heat-transfer coefficient to boiling water is 
700 B.t.u./ft.*/hr./®F., which, even at a temperature difference of 100® F., 
corresponds only to a distillation rate of about r x lo""* g./sec./cm.*^of 
heating surface, i.e. it is similar to Wq, per cm.* of evaporating surface, 
for ice at — 20° c. 

It can be seen that the most important quantity in distillation at a 
given temperature, T, is the saturation vapour pressure, 17 , and three cases 
will be considered, namely, (i) 77 is of the order of io“* mm. or less, (ii) 77 
is of the order of io“* mm. or more, (iii) 77 is greater than i mm. 
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(i) Molecular distillation first proved a useful technique for oily liquids 
of very low volatility, which could not be distilled by boiling. The con¬ 
siderations of the previous section show that a maximum rate of distillation 
is achieved by decreasing P until A is of the same order as the distance 
between the evaporating and condensing surfaces, i.e. it is desirable to 
decrease pressures to lo"* to lo"* mm. If this is done, no matter how 
small the value of 77 , distillation rates should not be very sensitive to 
variations in either P or at. 

These factors are familiar in design of large-scale molecular distillation 
for non-volatile oils. It is necessary now to stress that quite other con¬ 
siderations apply for more volatile substances. 

(ii) In the first place, when 77 is greater than lo"* mm., mean free 

paths can play no part in the character of the distillation or upon design. 
Again, if w is to approach P must be reduced well below 77 , and, in 
fact, conditions must be reached where eqn. (8) can be used. Considera¬ 
tion of this equation shows that, if i£; = o*8 can be accepted as a 
reasonably high value for w, it is only necessary to decrease P to 0*2 77 , 
and that there is little point in proceeding to lower values, e.g. a decrease 
to 0*1 77 would only increase w to Further, when eqn. (8) is 

obeyed, distillation rates are quite unaffected by x, 

(iii) When 77 is greater than i mm., the same considerations apply 
as in (ii), but values of te'® are so great that it is not necessary for w to 
approach equality with w^. It would be desirable to utilise the rapid 
increase in w when P JI, but there is little point in using much lower 
values of P. It is true that the actual values of w when P ~ FI are sensi¬ 
tive to changes in x, as shown in Fig. 3, but the differences are greatly 
reduced if P is made a little less than 77 . 

In brief, molecular distillation is not necessarily limited to liquids of 
extremely low volatility. For substances with vapour pressures over 
lo”* mm., it offers a possibility of very rapid distillation without use of 
very low pressures, and is more or less independent of the space between 
evaporating and condensing surfaces; though, of course, the design 
must ensure that evaporating molecules can be effectively removed by 
collision with the condensing surface. The main practical limitation is 
that P must be decreased somewhat below 77 , and, in the case of most 
liquids, this would at once cause boiling to take place. 

This limitation does not apply to sublimation of solids. In fact, the 
only limitations in this case seem to be the design problems involved in 
rapid transfer of heat into the solid being sublimed and in scraping the 
solid sublimate from the condenser surface. The outstanding application 
is freeze-drying,'' as in sublimation of ice from penicillin preparations 
at —20® c. to —30° c.; and here, as to be expected, the gap between 
evaporating and condensing surfaces does not appear to be critical, and 
it is not necessary to use particularly low pressures. From Fig. 3, it 
should not be necessary to go below o*i mm., and it would appear that the 
vacuum pump used is designed to give o*oi mm. without load.* 

• Ind. Chem., 1945, 663. 
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MEASUREMENT OF ABSORPTION IN LIQUIDS AT 
1*2 cm. AND 0.8 cm. WAVELENGTH USING A 
WAVE-GUIDE ABSORPTION CELL OPERATING 
IN THE Hoi MODE. 

By J. G. PowLEs. 

Received ^yth March, 1947. 

PART I. 

Measurements at 1.2 cm. 

Recent reports 1. *• * of measurements of the energy absorption of 
solutions of polar substances in non-polar solvents at approximately 
I cm. wavelength have shown considerable variations among the values 
obtained by the different methods employed. The present work was 
undertaken in an attempt to resolve these differences. A waveguide 
absorption cell, similar to that used by Whiffen and Thompson,* has been 
employed, though the technique of measurement is different from the 
one described by these authors. The possible sources of error are analysed 
and the final results are compared with the previously-published ones. 

Experimental Arrangement and Theoretical Treatment. 

The^experimental arrangement is shown diagrammatically in Fig. i. The 



Fig. I. 


absorption cell consisted of rectangular-section, extruded copper tube provided 
with flanges at each end. Brass tubes for admitting and draining the liquid 
under test were attached at the flanges in the centre of the broad side of the 
guide. Beyond the ends of the cell were attached standing wave detectors, 
S.W.D. I and 2. These were separated from the cell by short lengths of guide 
to avoid detection of any evanescent modes ♦ which might be associated with 
the discontinuity. The cell was closed by either mica or polythene sheets (see 
later) held by the clamping screws of the wavegfuide flanges. The output end 
of the waveguide system was completed by an oak-wedge termination in front 
of which the power standing wave ratio was 1*03. The input end was attached 
to a klystron oscillator through a 10 db. attenuation pad, and was provided with 
a T-junction and detector so that any variation of power, or impedance as see^ 
from the input end, could be detected. The standing wave detectors, used for 
power measurement, were of standard pattern provided with tuned crystal 

* Jackson and Powles, Trans. Faraday Soc., 1946, 4aA, loi. 

* Whiffen and Thompson, ibid., 1946, 42A9 114. 

* Sutherland and Cripwell, ibid., 1946, 4aA, 149. 

* In fact, in view of the transverse form of the cell ends, it was not expected 
that any such modes would be of significant amplitude. 

^ 19* 537 
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detectors leading to sensitive galvanometers. From the measured values of 
the resultant power flow at each end of the cell the absorption may be calculated 
as shown below. 

With reference to Fig. 2, let Zq and Z^ be the characteristic impedances 


.4 B 



Correct 

terminaffoti 



of the air- and liquid-filled sections of the waveguide system respectively 
and let it be supposed that the waveguide is correctly terminated. Then 
the impedance at the front end A of the liquid section, the test cell, is 




I — 

I + ye~2Pi 


where P -- a j pis the propagation constant in the liquid-filled section and 
Z — Z 

r = ^ is the voltage reflection coefficient at A. 

Ze -j- Zff ^ 

If an alternating voltage V2F^ei“*< is supposed established at A, 
then the power flowing past A is 




Va^ZJ t 

I^aI* 


The corresponding voltage at B is» 

^ _ ye_2Pi 


and 

Hence 


= I FbIvZo- 
IFbI'- 


which leads on substitution to 


Since 




^{1 - ry 

£. ^ I + >• 

Zo I - r 


P disappearing. 




1 — r* 


(1) 


In this expression the factor (i — f*e~^) represents the effect of internal 
reflection at the two ends of the cell. 

For large values of a 


Wj, e2*/ 

T - y*’ 


In practice it was required to detemriine the difference in absorption 
coefficient of a pure solvent and the solvent containing a known, small 
concentration of a polar substance. The effect of the latter on the per¬ 
mittivity was sufficiently small not to affect the value of r significantly, so 


t ^ denotes the “ real part of.” 
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that if ai and ag are the absorption coefficients of the two liquids it follows 
from (i) that 








y2 e-4«ii-| 




( 2 ) 


in nepers/raetre, where I is in metres. 

The second term is small compared with the first so that an initial 
value of (a2 — cci), ma}^ be obtained by ignoring it. The second term 
may then be taken into account b3'^ use of the value of oli derived from a 
comparison of the cell wlicn filled with pure solvent and with air. Since 
oLi only occurs exphcitly in the correction term its value need not be deter¬ 


mined accurately. 

The effect of internal reflections is smaller the larger the value of ai, 
and in fact for the benzene solvent used, for which tan S = o-ooii at 
1*22 cm., and for the range of tan S values measured, the correction term 
affected the incremental tan 8 (ref.') to the extent of less than 2j % for 
the 30 cm. cell and ij % for the 60 cm. cell. 

It will be noted from eqn. (2) that the relativt sensitivity of the two 
standing-wave detectors need not be known, though it is necessary that 
it should remain constant during a series of measurements. Eqn. (2) 
automatically allows for the copper loss in the waveguide walls although 
this is small in any event. The effect of a slightly imperfect termination 
may be shown to give a small apparent modification in r but since this 
quantity only occurs in the correction term the effect on the derived 
{a2 — tti) value is negligible. (a2 — ai) having been determined, the 
corresponding incremental loss angle (tan 8) value is obtained from the 
relation 


tan 8 


, , A[i - (A/Ae,)»]i 


where A is the free space wavelength and A,^ is the cut-off wavelength in 
the liquid-filled cell. 


Experimental. 

The whole .system was held in a sloping position to ensure that the cell was 
filled completely and occluded air-bubbles avoided. The sensitivity of the stand¬ 
ing-wave detectors was adjusted to give convenient galvanometer deflections 
for the range of power levels occurring in the series of measurements, and the 
sensitivity of the detectors was such that with the cell empty, and the termination 
replaced by a short circuit, movement of either detector from the maximum to 
the minimum of the standing wave, showed no effect on the other, or on the 
input detector, indicating that the power taken by them was of negligible 
magnitude. 

Standing-wave observations were made with the cell filled first with solveilt, 
then with solutions of increasing concentration of solute and finally, in order to 
check that the relative sensitivity of the detectors had not changed during the 
measurements, with the solvent again. During the process the reading of gal¬ 
vanometer 3 changed considerably but the power flow as measured by S.W.D. 2 
was substantially constant. It should be noted that by use of two standing-wave 
detectors any change in power output of the oscillator during the period in 
which the liquid was changed, or due to the difference in input impedance of the 
solvent and solution-filled cell, was automatically accounted for. The value of 
(ttt — ai) as a function of concentration was then determined by eqn. (2) and 
a typical result is shown in Fig. 5. 

The standing-wave detectors were tested by observing the standing-wave 
pattern in front of a short-circuited termination. It was found tliat the curves 
were somewhat flatter than the ideal sinusoidal shape and that the shape was 
independent of the probe penetration used provided this was less than 5 % 
of the guide width. This indicated either that the crystal did not have a square- 
law characteristic, that the galvanometer deflection was not linear or that there 
was appreciable third harmonic content in the power obtained from the oscillator. 
The latter possibility is unlikely and was shown not to be the reason by measure¬ 
ments taken with and without the insertion of a frequency selective filter. The 
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relation of power level to galvanometer deflection was calculated from the 
standing-wave pattern observed in front of the short circuit and is shown in 
Fig. 3, from which it is seen that the law of the detector system has an average 
exponent of rather less than 2. This method is considered better than the 
calibration of the crystal separately since the galvanometer deflection is related 
directly to the power level in the guide. 

As previously mentioned, the test cell was formed between thin sheets of 



Attenuarion tncellm nepers per mekr 
hO 2'0 5'0 


Fig. 4.—Standing wave in front of cell 
against attenuation. 



Fig. 5.—Relation of attenuaion in cell to concentration of solution. 

mica or polythene tightly held between flanges attached to the ends of the cell 
section and the adjacent standing-wave detector sections of waveguide. The 
presence of the separating sheets and the discontinuity in the metal of the 
waveguide wall means an imperfect transition from air- to liquid-^led guide. 
The degree of the imperfection was investigated by studying the variation of 
the standing-wave ratio in front of the liquid-fllled cell as a function of cell 
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attenuation. Fig. 4 shows this relation for two cell lengths. In both cases 
the standing-wave ratio approaches the value of approximately 2*35 as 
the attenuation is increased. This value was confirmed by measuring the 
standing-wave ratio when the separator at the output end of the cell was replaced 
by an oak wedge which formed a correct termination to the cell. The standing- 
wave ratio can be easily calculated for a perfect transition from air- to liquid- 
filled guide followed by a correct termination and for benzene as the dielectric 
is found to have the value 2*9. This differs from the measured value, 2*35 by 
much more than the experimental error and the difference must be ascribed 
to the imperfect nature of the air-liquid transition. It may be noted, however, 
that the difference in power standing-wave ratios observed can be caused by a 
change in reflected power of only 2^ %. 

The possible effects of this imperfection on the results was investigated by 
varying the cell length and the material and thickness of the separators. Fig. 5 
gives the results obtained with two cells of lengths 30*4 and 59*3 cm. closed by 
mica sheets of thickness 0*003 relation between attenuation coefficient 

and concentration is linear and identical for the two lengths, suggesting that 
the end-effect was not important. 

Polythene should be more satisfactory than mica since its permittivity is 
approximately equal to that of benzene, the solvent employed in the present 
investigation. No effect on the measured (a* ~ ai) was observed for thicknesses 
of polythene as large as 0*5 mm. It is likely that a small leakage of enerpr 
occurred at the cell ends and that the amount of this varied with the material 
and thickness of the separators, but it may be shown mathematically that, to 
a first approximation, the effect of this on (a* — aj) is insignificant and the 
experimental results mentioned confirm this. 

Although with the waveguide employed in the preceding measurements 
(cross-section 10*7 x 4*3 mm.) only the niode is freely propagated in the 
air-filled portions, propagation of the mode is possible in the cell when filled 
with benzene. The occurrence of this mode will change the energy absorption 
in the cell but it may be shown theoretically that the derived value of (aj — aj) 
is unaffected to a first approximation. Nevertheless, and notwithstanding 
the improbability of the introduction of this mode in significant amplitude at 
the separators, it seemed desirable to carry out measurements with a cell in which 
propagation of the H03 mode was impossible. 

The results of measurements using a cell of dimensions 6*36 X 4*3 mm. are 
given in Table I alongside those obtained with the 10*7 X 4*3 mm. guide. It 
will be seen that the difference between corresponding results is not significant. 


TABLE I.— Solutions in Benzene at 19 ± i°c. 


Solute. 

Benzo* 

phenone. 

Nitro¬ 

benzene. 

Bromo- 

benzene. 

Chloro¬ 

form. 

Acetone. 

Tan 8 for ♦ guide 10*7 x 4-30 mm. 

1-55 

3*52 

O* 60 o 

o*32a 

1-55 

Tan 8 for guide 6*36 x 4*30 mm. 

1*48 

3*5fi 

0*597 

o*33i 

1*53 

% difference 

4 i 

~ I 

i 

3 i 

li 


* These tan 8 values, and the others given in the paper, are extrapolated 
values for a concentration of 1 g, mol. per 100 cc. 


Results. 

The results given in Table II for solutions of five polar substances in benzene 
are the average values obtained from several runs, analogous to the one illustrated 


TABLE II.— Solutions in Benzene at 19 ± i° c. and 1*22 cm. Wavelength. 


Solute. 

Benzo- 

phenone. 

Nitro¬ 

benzene. 

Bromo- 

benzene. 

Chloro¬ 

form. 

Acetone. 

Tan 8 . 

1-51 

3*54 

0*599 

0*326 

1*54 
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in Fig. 5, with both the large and small section waveguides. The figures were 
obtained from the slope of the best-fitting straight line through the points cor¬ 
responding to a range of concentrations. The standard deviation of the individual 
points from this line was about i 3 % for all the solutions investigated. 

Consideration of the Results in Relation to other Values. 

Measurements of the absorption of liquid solutions at a wavelength 
of 1*23 cm. using a /foi resonator carried out by the author have already 
been reported.' The results obtained by this method and the one just 
described are compared in Table III where the re.sonator values have been 
reduced by 5 % compared with the values previously reported to allow 
for the presence of the cup, as was then suggested (ref.', p. 103). 


TABLE III. 


Solute. 

Benzo- 
phenone. ’ 

Nitro¬ 

benzene. 

Bromo- 

benzene. 

Chloro¬ 

form. 

Acetone. 

Tan 8 by resonator at 1*23 cm. 

1*67 

3*49 

0*628 

0 * 33 » 

I *6 1 

Tan 8 by waveguide cell at 
1*22 cm. .... 

1*51 

3*54 

0 * 59 t 

0*326 

1-54 

% difference 

10 

— I 

5 

4 

4 i 


It will be seen that exce]^t in the case of the benzophenone solution 
the difference between the waveguide and resonator results lies within 
the ± 5 % limit given previously ' as the estimated observational accuracy 
of the latter, outside the cup correction mentioned above. It may be 
justifiable to suspect that the 5 % cup correction applied to the resonator 
results is too low. However, no evidence in support of this can be drawn 
from the resonator work, and unfortunately it has not proved possible 
to resolve the di.screpancy further. 

Taking these waveguide results as the basis of comparison, Table IV 
shows the % differences among all the recorded tan 8 values at about 
1*22 cm. for the range of solutions referred to in Table III. 


TABLE IV. 


Solute. 

Benzo- 

phenone. 

Nitro- I 
benzene. 

Bromo- 

benzene. 

Chloro- 

fonu. 

Acetone. 

(i) Cell method at 1*22 cm. : 
present paper* . 

0 

0 

0 

0 

0 

(2) Resonator method at 1*23 
cm. : Willis Jackson and 
Powles' . 

-f 10 

— I 

+5 

+4 

4 - 4 i 

(3) Cell method at 1*27 cm. : 
WhifEen and Thompson * . 

-Hi 

-6 

-3 

_ 

~ 7 

(4) Cell method at 1*25 cm. : 
Sutherland and Cripwell ® . 

- 5 i 

— 2 

_ 

+5 

+9 

(5) Cell method at 1*23 cm. : 
Hall, Halliday, etc.* . 

-4 

— 

0 

— 

+ 2* 


♦ Reference values. 


The effect which possible inaccuracies in individual results of the 
order shown may exercise on values of dipole moment and relaxation 

* Hall, Halliday, Johnson and Walker, Trans. Faraday Soc., 1946, 42A, 158. 
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time derived from measurements at a limited number of wavelengths, 
possibly involving two or more different experimental assemblies, depends 
on the proximity of the points of measurement to the absorption maximum 
and their location relative to this maximum. It is evident that if reliable 
values of dipole moment and relaxation time are to be obtained the range 
of wavelength covered must be sufficiently extensive to embrace both sides 
of the peak of absorption and to permit a substantial plot of the absorption 
curve. This is emphasised in the succeeding section of the paper. 


PART II. 

Measurements at 8 mm. Wavelength. 
Experimental. 

An exactly similar arrangement to that employed at 1*22 cm. was used at 8 mm. 
wavelength. It would have been preferable to use special components of smaller 
size than those used at 1*22 cm.J but unfortunately these were not available. 
The oscillator power available in this case was considerably smaller so that it 
was not possible to use the apparatus under such ideal conditions. It was found, 
however, that approximately 5 db. of padding could be retained at the oscillator, 
although this involved a larger probe penetration in S.W.D. i (approximately 
25 % of the guide width) than was desirable. 

Standing-wave patterns taken looking into a short circuit were found to be 
flatter than the theoretical sinusoidal shape and to have the maxima a little 
displaced from the mid-point between the adjacent minima. It was possible 
to obtain an estimate of the probe admittance from this measurement and from 
a measurement of the observed standing wave in a correctly terminated guide 
following a similar method to that used by Altar, Marshall and Hunter.* jUIow- 
ance for this was somewhat simplified here since the measurement of relative 
power levels only is involved. An analysis was carried out showing that this 
can be done to a sufficient degree of accuracy for the large probe penetration 
used in the experiments. 

It was found in addition that the amplitude of successive maxima of the 
standing wave in front of a short circuit decreased slowly indicating a certain 
amount of radiation from the slot, but this was not sufficient to affect seriously 
the measurement of relative power level. 

Results. 

A typical experimental relation of (a, — ai) to concentration of solution is 
shown in Fig. 6, and the derived tan 3 values for the range of solutions covered 
by the preceding measurements are given in Table V. 

TABLE V - -Solution in Benzene at 19 rfc c. and 8*0 mm. Wavelength. 


Solute. 

Benzo- 

phenone. 

Nitro¬ 

benzene. 

Bromo- 

benzenc. 

Chloro¬ 

form. 

Acetone. 

Tan 8 . 

0*98, 

2*43 

0-408 

o- 25 « 

2*i6 


The loss factor of the benzene used was measured as approximately 0*0015 which 
is in keeping with the trend of values at longer wavelengths. 

Relation to Longer Wavelength Values. 

These 8 mm. results may be combined with the ones previously 
reported ^ over the wavelength range 1*2-50 cm. In the case of the 

t It is possible to propagate 8 mm. waves in the i/01 niode in the air-filled 
1*2 cm. guide, but this mode is not recorded by the standing-wave detectors. 

* Altar, Marshall and Hunter, Proc. Inst. Radio Eng., vol. 34, Jan. 1946. 



544 ENERGY ABSORPTION IN LIQUIDS • 

solution of benzophenone in benzene, Fig. 7 , the 8 mm. measurement 
is well down the high frequency side of the absorption curve. The 
Debye curve shown has been drawn as the best fit of the experimental 



Fig. 6.—Relation of attenuation in cell to concentration of solution. 



Fig. 7.—Los.s in benzophenone in benzene, t = 17*8 X 10^® sec. 

(The points i, 2, 3, 4, 5 refer to the results given in Table IV.) 

points while giving weight to each point according to its estimated 
accuracy of measurement, and is slightly different from the one drawn 
in the preceding paper.^ 

A smooth curve through the experimental points would indicate a 
variation of absorption with a rather sharper dependence on frequency 
than that corresponding to the Debye curve. This was also the case 
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for solutions of the other polar substances studied. To establish the 
observation beyond doubt would, however, require experimental points 
at much closer intervals in wavelength and of considerably improved 
individual accuracy. Since there is no theoretical evidence to suggest 
the possibility of an absorption curve sharper than that given by the 
Debye relation, and in view of the experimental error this observation 
tends to strengthen the conclusion drawn in the preceding paper that the 
behaviour of the solutions referred to conforms to the simple Debye theory. 

It may be mentioned that the acceptance of the Onsager, rather than 
the Debye, concept of the internal field leads to a change in the height 
of the absorption curves for the solutions studied of less than J %.*“• 

We have also estimated the possible effect of molecular inertia under 
these conditions and find that the absorption is unlikely to be affected by 
more than li % (calculations in preparation for publication). 

This work was carried out with the assistance of a research grant 
from the Department of Scientific and Industrial Research, and the 
author Avishes to express his appreciation of this support. 

Summary. 

A method for the measurement of energy absorption in low-loss liquids at 
1*2 cm. (Part I) and o*8 cm. (Part II) wavelength by measuring the absorption 
of energy passing through a waveguide cell containing the test material is 
described. Results are given for the absorption of solutions of a number of 
polar substances in benzene. The results at i*2 cm. are compared with those 
obtained by previous workers using alternative methods. Finally the results 
of the present paper are related to values at longer wavelengths. 

• Calculated from equations given by Cole, J. Chem. Physics, 193S, 6, 385. 

Electrical Engineering Department, 
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THE THERMAL DECOMPOSITION OF DISILANE 
AND TRISILANE. 

By K. Stokland. 

Received ^rd April, 1947. 

In a paper on the thermal decomposition of ordinary disilane and 
trisilane Emel^us and Reid ^ have reported that these reactions proceed 
in a relatively simple manner, at any rate when compared with the results 
of the decomposition of the analogous hydrocarbons. (For information 
regarding the latter reactions see, for example, the monographs of Steacie * 
and Schumacher.*) Thus, in the decomposition of both the silicon hydrides 
mentioned above the only reaction products found at any stage were 
hydrogen, monosilane and silicon. This latter substance contained in 
the case of disilane a considerable amount of hydrogen, corresponding to' 
an average composition SiHo.7, whilst in the decomposition of trisilane 
the deposited silicon was almost free from hydrogen. The experimental 
procedure was still further simplified by their discovery that the pressure 

^ Emel^us and Reid, J. Chem. Soc., 1939, 1021. 

* Steacie, Atomic and Free Radical Reactions (New York, 1946). 

* Schumacher, Chemische Gasreaktionen (Dresden and Leipzig, 193^)- 
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change was very nearly proportional to the amount of decomposition for 
both silanes. This enabled the course of the reaction to be followed by 
pressure measurements, and series of experiments at different temperatures 
have been performed according to this method by the above-mentioned 
investigators. 

The statement concerning the composition of the reaction mixture 
in the decomposition of disilane is not in agreement with the results of 
Stock and Somieski.* These investigators found that at not too high 
temperatures higher silanes also were formed in fairly large amounts. 

The results obtained by Stock and Somieski, however, are not quite 
comparable with those obtained by Emel6us and Reid, since the former 
investigators used a dynamical method in decomposing the disilane, 
whilst the latter carried out their experiments under static conditions. 
In general, dynamical methods may often be assumed to give mixtures 
of reaction products somewhat different in composition from those ob¬ 
tained by statical methods. In this instance it seems reasonable to believe 
that the dynamical method used by Stock and Somieski favoured the 
formation of the higher silanes. In the earlier stages of the reaction there 
is a large probability of collision between the unchanged disilanc molecules 
and the radicals which are presumably the first product of decomposition, 
and although the thermal stability of the silanes decreases with increasing 
molecular weight, the result of such collisions might be a certain amount 
of trisilane. This latter substance may then further react in a similar 
way to form tetrasilane and so on. By rapid cooling of the reaction mixture 
down to temperatures where the higher silanes are stable, larger amounts 
of these substances should be expected. 

For the same reason it might have l>een expected that such compounds 
should also have been found, though to a lesser extent, when analysing 
the reaction mixture from the statical experiments. It is, of course, 
possible that the stationary concentration of such radicals was too small 
to produce higher silanes in sufficient quantity to be detectable by frac¬ 
tionation after quenching. However, the results from the analogous 
decomposition experiments with ethane make it probable that higher 
silanes would actually be formed in the reaction vcssiel. 

In a series of investigations * on some properties of the lower silanes 
with light and heavy hydrogen, carried out by the present author, their 
thermal stability has been studied. Owing to the uncertainties referred 
to above, it was necessary to re-examine the course of the decomposition 
by analyses of the reaction mixture. 


Experimental. 

The construction of the apparatus for pyrolysis of the silanes was similar 
to that employed by Hogness, Wilson and Johnson * in research on the decomposi¬ 
tion of monosilane, the most important difference being that in the present in¬ 
vestigations a spherical reaction vessel was used instead of a cylindrical one as 
in the experiments of the authors just mentioned. The vessel had a capacity 
of about 250 ml. In order to obtain information as to a possible influence of the 
surface on the rate of decomposition two pieces of apparatus of this kind were 
used. In one of them (called A in the following) the reaction vessel was unpacked, 
whilst in the other (B) the vessel was filled with small Raschig rings, thus pro¬ 
ducing a variation in the surface-volume ratio of about i : 20. &th the ap¬ 
paratus and the Raschig rings were made of Duran glass, but before use the inner 
surfaces wete completely covered by silicon, deposited from decomposition of 
some samples of monosilane. 

Each apparatus was supported on the top of a large electric furnace, the 
reaction bulb hanging freely in the middle of it. The temperatures were measured 

* Stock and Somieski, Ber., 1923, 56, 247. 

* To be published shortly. 

® Hogness, Wilson and Johnson, J. Amer. Chem. Soc., 1936, 58, 108. 
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by means of nickel-nichrome thermocouples, the electromotive force being deter¬ 
mined potentiometrically. The thermocouples were calibrated at the melting 
points of tin, lead, zinc and aluminium. The samples of the tliree latter metals 
had been furnished, together with certificates, by the National Bureau of 
Standards, U.S.A., whilst the sample of tin was a pro analysi preparation from 
Merck. The potentiometer, the sensitive galvanometer and the certificated 
standard cells used were all manufactured by Tinsley and 

Since the room temperature was maintained fairly constant, temperature 
variations were due almost entirely to variations of the voltage in the network. 
No automatic device was employed to compensate this effect. Instead, the 
current was kept as constant as possible by manual operation of a resistance in 
series with the furnace. As the furnace had a very large heat capacity and the 
experimental temperatures were comparatively low, this procedure required 
little experience in order to maintain the temperature within the limits of 
variation of ±o-i°o. Further, in order to smooth out possible temperature 
gradients, a thick-walled cylindrical aluminium box was inserted, the lid of which 
was divided into two parts and provided with holes for the thermocouple and the 
capillary of the reaction bulb. The preparation of the crude mixture of silanes 
and the separation of the individual components from it by fractionation were ve^ 
carefully performed in a manner similar to that described by Stock and Somieski.® 

Each sample of a pure substance was accurately measured in one of the cali¬ 
brated sections of the large vacuum apparatus and transferred by means of 
liquid nitrogen into an auxiliary cylindrical vessel fitted with a tap and attached 
to the apparatus with a ground joint. Then the vessel was detached and con¬ 
nected to the decomposition apparatus. This latter was now thoroughly evacu¬ 
ated, and in the meantime the sample was allow’cd to evai)orate and attain room 
temperature. Just before starting an experiment the manometer of the ap¬ 
paratus was read and simultaneously the atmospheric pressure. This was neces- 
sa.ry because in these experiments an open manometer was used. Then the 
tap between the pump and the apparatus was closed and the silane allowed to 
stream into the apparatus until the pressures were equalised. The time necessary 
for this operation was 2-4 sec., and the moment of opening of the tap was taken 
as zero time. Immediately after closing the tap of the decomposition apparatus 
the pressure was read. This was always possible in these experiments on account 
of the apparent induction periods. 

The amount of silane remaining in the auxiliary vessel and the external 
part of the apparatus was frozen in liquid nitrogen, transferred back into the 
vacuum apparatus and the. volume measured. The difference between the two 
volume determinations was the amount taken for the decomposition. 

The decomposition was now allowed to proceed for a length of time decided 
on beforehand. The manometer and the atmospheric pressure were again 
read, and immediately afterwards the reaction mixture was pumped off through 
a long U-tube of about 10 mm. diam. immersed in liquid nitrogen in order to 
condense the reaction products for analysis. This operation was carried out 
as rapidly as possible in order to prevent further decomposition, but not so 
rapidly as to pull condensable gases through the trap. The hydrogen formed 
was not collected, but was drawn off through the pump. This procedure was 
considered to be the best one since the collection of hydrogen would have re¬ 
quired a Topler-pump or some other slowly working device. Instead the amount 
of hydrogen w'as indirectly determined. However, even though the results so 
obtained seem to be very reasonable, as will appear from the following tables, 
it must be admitted that direct checks upon the amounts so found would have 
been of great value. 

The condensate was brought into the large vacuum apparatus and analysed 
by means of fractionation at low pressures. Thus, monosilane was distilled 
off at about —160'’ c., disilane at about —105° c., trisilane at —70® c. and 
tetrasilane at —30° c. When a residue still remained after these distillations 
it was always very small in amount, and it has therefore been combined with 
and recorded as tetrasilane. This should cause only very small errors in the 
subsequent calculations. Of course, objections may be made to the method df 
separation of the components of the mixture ; but at the present time no better 
method is available for this purpose. Repeated fractionations of the same 
mixture in most cases showed good agreement, and the vapour pressures of 
the single components generally did not differ appreciably from those determined 
on very pure samples of the same sub.stances. 

« Stock and Somieski, Ber., 1916, 49, iii. 
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Results. 

The results of the experimental investigations are shown in Tables I and II. 
Owing to difficulties caused by the war situation, rather limited series of experi¬ 
ments have been carried out. The decomposition of disilane has been studied 
at five different temperatures but at one pressure only, viz. about lo cm., whilst 
in the case of trisilane a single series of experiments at about 592° K. and about 
8 cm. pressure has been performed. 

The two tables have been arranged as follows. The first four columns show 
the absolute temperatures, times, reaction vessels used and apparent induction 
periods of the experiments. In columns 5 and 6 are listed the figures of the 
initial pressures and changes of pressure. The next three columns show the 
amounts of silane employed, recovered and decomposed given in ml. n.t.p., 
and the next column gives the % amounts decomposed. Then follow the relative 

Ai> 

changes of pressure expressed for convenience as 100—The amounts of 

Po 

hydrogen given have been calculated from the changes of pressure and the 
amounts of the other volatile components of the reaction mixture. The colunms 
13, 14 and 15 show the amounts of these latter substances, also referred to n.t.p. 
Finally, the last two columns give the amounts of the hydrogen-containing 
deposits of silicon given as ml. of the hypothetical gaseous compound SiH„, 
and the value of x. These two quantities have been calculated from the differences 
between the amounts of silicon and hydrogen in the original sample of silane 
and those of the gaseous reaction products. The tables give strong evidence 
that in the decomposition of disilane and trisilanc, higher silanes are really 
among the products formed. 

In trying to find the correct order of reaction in the two cases the data ob¬ 
tained at each temperature have been plotted appropriately for different orders. 
The temperature variations within each series of experiments are only small 
and most probably cause less error than some other factors. Further, since it 
is a somewhat difficult matter to correct the results to a common temperature, 
no such corrections have been applied. 

From the plots it was found that the rate of decomposition could be repre¬ 
sented approximately only by a first-order relationship. The first-order graphs 
for the decomposition of disilane at about 584, 6ii and 633® k. are shown in 
Fig. I, 2 and 3, respectively, and for the single series of trisilane in Fig. 4. In 
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the early stages of the decomposition there was an almost linear dependence 
of log ^ w|th time {po ~ initial pressure, p* = pressure at a time /). In the 

Pt 

later stages, however, considerable deviations from the unimolecular course 
were found as is shown by the graphs. This result is quite similar to that found 
in the pyrolysis of the monosilane, carried out by Hogness, Wilson and Johnson 
and later confirmed by the present author. 

The curves seem in all cases to pass through the origin, and in the graphs 
only the limiting straight lines corresponding to an ideal unimolecular course 
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have been drawn. The result is remarkable since at the temperatures in question 
there should be no induction periods or, at most, only very short ones. The 
observed apparent induction periods 


are most probably due to the circum¬ 
stance that in the initial part of the 
decomposition the gaseous reaction 
products have the same volume as 
the decomposed part of the reactant. 

Making use of the linearity of 

log —® with time in the early stages of 

Pt 

decomposition, the rate constants at 
different temperatures have been cal¬ 
culated from the first figure of each 
series of measurements. The results 
in the case of disilane are evident 
from Table III, which for comparison 
also includes the rate constants found 
by Kmel^us and Reid. Although this 
is not expressly stated, it must be 
assumed that their figures are given 
in min.~^ units, and they have, there¬ 
fore, here been converted to sec."^. 
As it will be seen the rate constants 
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found by the present author are considerably higher than those of Emeleus 
and Reid, which result is easily understood from what has already been said. 



Fig. 4. 

On the basis of the data of this table the following expression for the specific 
rate of decomposition as a function of the temperature has been obtained by the 


TABLE III. —Ratp: Constants of the Decomposition of SijHg. 


Temp. 




Experiments by E. & R. 

®K. 

^ X 10® • 


log k. 


h scc.-i. 

584-6 

1*711 

2*71 X lo-^ 

-3-567 

587 

1*0 X lO"** 

59T5 

1*674 

7*68 X io~^ 

-3-115 

605 

4*2X10“* « 

6 ii *2 

1*636 

2*30 X io~® 

— 2*638 

622 

I*I X IO“* 

621*2 

1*610 ! 

3*80 X IO“* 

— 2*420 

633 

2*8 X IO-* 

633’4 

1-579 

6*70x10“* 

-2*174 

-- , A. ■ 
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method of least squares : A = 5*8 x 10'* e . The result has been plotted 

in Fig. 5. 
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The above equation indicates that the activation energy of decomposition 
of disilane should be 48*9 kcal., whilst Emel^iis and Reid found 51*3 kcal. In 

spite of the differences in the rates of 
decomposition the agreement between 
the activation energies is good. It 
may be assumed, however, that this 
agreement is largely accidental. 

For the single series of experiments 
with trisilane the rate constant in the 
early stage of decomposition has been 
calculated to be 8*76 x io“* sec.“^ at 
591*5® K., whilst Emel^us and Reid ob¬ 
tained 2*57 X io“* sec."^ at 589® k. and 
4*95 X io~* at 600® K. Thus, for tri¬ 
silane also, the rate of decomposition 
has been found to be higher than that 
reported by the above-mentioned in¬ 
vestigators. 

Discussion. 

Disilane. —Since the decomposi¬ 
tion of the disilane follows a uni- 
molecular course, the primary step 
must be a splitting of the molecule. The most probable alternatives 
then seem to be: 

SijHg2SiH, .(i) 

or Si,H, SiH^ + SiH,.(2) 

However, other initial reactions such as 



Si,He Si,He + H 
and Si,He Si,H4 + H, 

are possible. 

The two former reactions are entirely analogous to the initial steps 
proposed by Rice ^ and Rice and Herzfeld ® and by Storch and Kassel • 
in the pyrolysis of ethane. A comparison between the decomposition 
mechanisms of disilane and ethane seems to be justified to a certain degree, 
while the reaction products show great analogies in the two cases. In 
the decomposition of ethane the products are chiefly ethylene and H, and 
small amounts of CH4, C and higher hydrocarbons, whilst in the case of 
SitH, they are monosilane, H, and solid polymerised silicon hydrides and 
smaller amounts of higher silanes. As to the composition of the latter 
substance Table I shows that at the beginning of its formation the formula 
is near (SiH,)„, whilst in the later stages it is becoming, on the average, 
poorer in hydrogen. This result is in accordance with the investigations 
of Schwarz and Heinrich,^® who found that polysilene decomposes at the 
temperatures in question. 

It seems very reasonable to assume that the polysilene has been formed 
by polymerisation of silico-olefines. This assumption seems to be sup¬ 
ported by the fact that in the initial stage of decomposition no polysilene 
is present. Since during this period there is no change of volume, there 
may at first be a conversion of disilane into monosilane and higher silanes. 
Because of the large concentration of disilane compared with the concen¬ 
trations of radicals and silico-olefines, these latter substances may react with 

’ Rice, J. Amer. Chem. Soc., 1931, 53, 1959. 

® Rice and Herzfeld, ibid., 1934, 56, 284. 

• Storch and Kassel, ibid., 1937, 59* 1240. 

^® Schwarz and Heinrich, Z. anorg. them., 1935, aai, 277. 
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disilane to form higher silanes rather than polymerise. The higher silanes, 
however, are less stable than disilane and decompose more rapidly, giving 
rise to new radicals and olefines. With decreasing amount of disilane 
collisions between unsaturated molecules become more frequent, leading 
finally to the formation of polysilene. 

The decomposition of this latter substance is a heterogeneous process. 
Therefore, only the initial part of the decomposition of disilane can be 
treated as a purely homogeneous reaction. The study of the decomposition 
of ethane is a more easy one, since, with the exception of elementary carbon, 
only gaseous reaction products are formed. But although in this case a 
large amount of work in different directions has been done to discover 
the reaction mechanism, there still prevails considerable doubt about it. 
Even more difficult is the interpretation of the decomposition mechanism 
of disilane, since here the tendency of the unsaturated hydrides to poly¬ 
merise eliminates characteristic features which would otherwise appear 
from the nature and amounts of the individual compounds. It seems, 
therefore, to be of little use to try to suggest a complete scheme for the 
decomposition mechanism, and in the present paper only a more limited 
discussion concerning the information to be derived from some experi¬ 
mental facts will be given. 

It was suggested by Emel6us and Reid, by analogy with the then most 
widely accepted interpretation of the decomposition of ethane, that the 
decomposition of disilane is mainly a chain reaction of the Rice type, 
the initial step of which is the reaction (i). In support of this theory they 
stated that an increase of the surface-volume ratio decreased the rate of 
decomposition. However, since this result was probably obtained from 
determinations of pressure changes alone, further experiments with analysis 
of the reaction products ought to be performed before drawing a definite 
conclusion. Experiments with different surface-volume ratios at the 
same temperature have not been carried out by the present author, but 
Table I and Fig. 5 indicate that the influences of chain reactions would 
be small. 

This result is in accordance with the view now commonly held in the 
case of ethane. Though it has been certainly found that chain reactions 
actually do take place in the decomposition of this substance, a large part 
of it proceeds by a chain-free mechanism. There exists at the present 
time very little knowledge about this part of the reaction. There appears, 
however, to be much to be said in favour of the mechanism suggested by 
Storch and Kassel. Their scheme involves the methylene instead of the 
methyl radical, and although there is still no certain experimental 
evidence as to the existence of methylene radicals in this case, the as¬ 
sumption of its participation explains the formation of the main reaction 
products in the simplest and most natural manner. 

In addition to the decomposition experiments with pure disilane 
Emel^us and Reid also carried out investigations on the effects of added 
hydrogen and ethylene. The effect of hydrogen was to remove the in¬ 
duction period, and analyses of the reaction products showed that con¬ 
siderably more monosilane had been formed. This result they thought 
to give support to a mechanism of the Rice type. It will, however, at 
once be seen that both silyl and silene radicals may well account for the 
increased amount of monosilane. 

The experiments quoted in the present paper show that at the temp¬ 
eratures in question there are most probably no induction periods at all." 
The induction periods found by the investigators mentioned above have 
been obtained from pressure readings and are only apparent. The dis¬ 
appearance of the induction periods when hydrogen is added is due to the 
change in the relative amounts of the different reaction products. 

In the decomposition experiments on mixtures of disilane and ethylene 
there was a certain polymerisation of the latter compound. This result 
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is quite analogous to that found when decomposing lead tetramethyl in 
the presence of ethylene as reported by Taylor and Jones.However, 
whilst in the latter case each methyl radical produced caused on the average 
a polymerisation of 6-7 molecules of ethylene, the amount of this substance 
polymerised by the decomposition of disilane was only approximately 
equal to the amount of disilane decomposed. It may be that the poly¬ 
merising effect of methyl radicals is greater than that of the silyl radicals. 
It seems, however, that the results in the two cases are too different to 
support the theory of a mechanism in which silyl radicals play the most 
important part. 

A comparison of the rates of decomposition of the disilanes with light 
and heavy hydrogen shows that the deuterium disilane decomposes at 
a considerably lower rate than the ordinary compound. In a relatively 
narrow temperature range around 600° k. the average ratio of the de¬ 
composition rates, ^d/^h* "was 0*71. Although it was expected that the 
deuterium compound would be the more stable one, the difference seems 
to be too large if the rate-determining step in both cases is the split of 
the Si—Si bond. It is hardly reasonable to assume that the deuterium 
atoms attached to the silicon atoms should influence the strength of the 
Si—Si bond to such a high degree. 

This difftculty does not arise if (2) is assumed to be the primary step. 
Here a rearrangement of the atoms within the molecules may be assumed 
to precede decomposition, and this process almost certainly requires a 
different activation energy in the two cases. 

Considering the diamond arrangement of the atoms in the silicon 
crystal, the strength of the Si—Si bond should be simply one-half of the 
heat of sublimation of silicon. Unfortunately, the figures for this latter 
quantity obtained by different investigators from vapour pressure deter¬ 
minations show very large inconsistency, covering a range from 44 kcal. 
as previously found by von Wartenberg ** up to 102-105*5 kcal. more 
recently obtained by Ruff.^* It seems very reasonable to consider the 
latter figure as the most reliable one, and this would give a bond strength 
of 51-53 kcal., which is within the limits of error equal to the activation 
energy derived by Emel^us and Reid. (Pauling gives 42*5 kcal. for 
the strength of the Si—Si bond.) In the opinion of the present author, 
however, the heat of sublimation of silicon is far too uncertain to give any 
valuable support to the assumed strength of the Si—Si bond. It seems 
on the contrary that the activation energy obtained for the decomposition 
of disilane should rather be used to choose the most reliable figure for the 
heat of sublimation, since the bond strength can hardly be assumed to 
be less than that of the activation energy. 

However, owing to the complex nature of the decomposition, it seems 
doubtful whether the overall activation energy can be used as a measure 
of the rate of the initial reaction. The participation of the original disilane 
molecules in reactions with radicals and other molecules formed and the 
re-formation of disilane molecules in different ways make the whole problem 
very obscure. The activation energy seems to be rather high as it is only 
slightly smaller than that of the decomposition of the monosilane, viz., 
51*7 kcal., found by Hogness, Wilson and Johnson ® and confirmed by the 
present author. Finally, it may be mentioned that the decomposition 
of the analogous substance digermane, examined by Emel^us and Jellinek,^* 
most probably is also more complex than reported by these investigators. 

Trisilane. —In the decomposition of trisilane, the mechanism certainly 

Taylor and Jones, J, Amer, Ghent, Soc,, 1931, 5a, iiii. 

von Wartenberg, Z. anorg, Ghent,, 1913, 79, 71. 

Ruff, Trans, Electrochem. Soc„ 1935, 68, 87. 

Pauling. The Nature of the Ghemical Bond (New York, 1944). 

Emel^us and Jellineke, Trans. Faraday Soc., 1944, 40, 93. 
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is even more complex, more modes of decomposition being possible here. 
Emel^us and Reid suggested that the first step might be 

SijHg -y 2SiH, SiHa. 

However, such a simultaneous split of two Si—Si bonds must be rare, 
as it would most probably imply the accumulation within the molecule of 
a larger amount of energy than is required for the break of only one bond. 

Decomposition experiments with trisilane mixed with an excess of 
hydrogen, carried out by the authors just mentioned, gave the result 
that almost exactly two moles of monosilane were formed per mole of tri¬ 
silane decomposed. They explained this fact by assuming that the silyl 
radicals were hydrogenated to monosilane, whilst the silene radicals were 
dehydrogenated. However, if this assumption is correct, it would be 
expected that the decomposition of disilane in presence of an excess of 
hydrogen would also give two moles of monosilane per mole of disilane 
decomposed, since a simple splitting of a disilane molecule also gives two 
silyl radicals. But the experimental results ^ show that the maximum 
amount of monosilane obtained in this case is only 1*5 moles per mole of 
disilane. 

Experiments with added ethylene gave an amount of polymerisation 
of ethylene of 1*33 moles per mole of trisilane decomposed. This result 
presumably indicates a somewhat larger concentration of silyl radicals 
than in the case of disilane. 

The author is much indebted to Norsk Hydro-Elektrisk Kvselstof 
A/S for financial aid and supply of liquid nitrogen. He also wishes to 
express his thanks to Mr. J. B. M. Herbert, University of Manchester, 
for valuable help and advice in correcting the manuscript. 

Summary. 

The thermal decomposition of disilane in the temperature range 584-633" k. 
and of trisilane at 592° k. has been studied by a static method and with analyses 
of the reaction mixture. It has been found that there is no exact proportionality 
between the amount of silane decomposed and the observed change of pressure. 

For both substances the rates of reaction at given temperatures have been 
found to be larger than those previously obtained. The induction periods 
reported by other investigators from observations of pressure changes have been 
shown to be only apparent. 

The activation energy of the decomposition of disilane has been found to be 
48*9 kcal., which is not much below' the figure given previously, viz. 51*3 kcal. 

Some arguments have been advanced that chain reactions involving silyl 
radicals may not be the most important process in the decomposition of the two 
compounds. 

Institute of Applied Inorganic Chemistry, 

The Technical University of Norway, 

Trondheim. 
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THE STRUCTURE OF THE WATER MOLECULE. 

By D. F. Heath and J. W. Linnett. 

Received nth April, 1947. 

Darling and Dennison ^ have deduced from the spectrum of water 
and heavy water the vibration frequencies of these molecules for in¬ 
finitesimal vibrations. They have also obtained the third and some of 
the fourth power anharmonic terms in the potential energy (p.e.) function. 
These have been given in terms of special co-ordinates proportional to 
the normal co-ordinates. It is the first object of the calculations presented 
here to express the p.e. function in terms of the distortions of the bond 
lengths and angle between the bonds. The second object is to see whether 
the “ cross quadratic terms " and the cubic and quartic terms in the p.e. 
function, which is now expressed in co-ordinates related to the structure, 
can be accounted for in terms of any reasonable forces which are likely to 
exist in the water molecule. 


Calculations. 

In the following calculations the atomic masses of hydrogen and 
deuterium have been taken to be 1*00813 and 2*01473, the velocity of 
light as 2*99776 X 10'® cm./sec., Avogadro's number as 6*023 x 10®*, 
Planck’s constant as 6*624 x io~*’erg-sec., and 4w*c*/Ar as 5*890342 x io“* 
in c.g.s. units.* The values of the frequencies for infinitesimal amplitude 
are : HjO : symmetric, 3825*32 and 1653*91 ; antisymmetric, 3935*59 ; 
DjO : symmetric, 2758*06 and 1210-25 ; antisymmetric, 2883*79 cm.“^ 
The inter-bond angle is 104® 31' and the OH equilibrium length is 
r == 0*9580 A.^ 

The potential energy function, omitting all terms other than quadratic 
ones, is written as 

2F = . A^i* -I- . Ar,* + ko . A^* + ^uAri. Ar* -f -f- A^a) • (i) 

where A^i, Ar, and A0 represent the changes in the two bond lengths and 
in the interbond angle from the values they have in the equilibrium con¬ 
figuration. From the frequencies of the vibrations of infinitesimal ampli¬ 
tude we can calculate the force constants. We find that they are 

= 8*42541 X 10® dynes per cm. 
k^/r^ = 0*76814 X 10® dynes per cm. 

== — 0*20084 X 10® dynes per cm. 
kis/r = 0*50469 X 10® dynes per cm. . . • (2) 

We will see if we can account for these values of the cross-term constants. 
They are small showing that the molecular force field is not very different 
from the simple valency force field (s.v.f.f.) but they are by no means 
negligible. In the main we shall consider the signs of the cross-term 
constants. 

Let us first consider the possibility of these cross-term constants 
being explained in terms of repulsion between the hydrogen atoms. Let 
the P.E. of the interaction of the tivo hydrogen atoms is 

F= t".+ /I(AJ?)+iB(Ai?)‘ . . . (3) 

* Darling and Dennison, Physic. Rev., 1940, 57, 128. 

* Birge, Reports Prog. Physics, 1941, 8, 90. 
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where Fq is the value of V when AJR is zero, and Ai? is the change from 
the distance separating the hydrogen atoms when the water molecule 
is in its equilibrium configuration. The function need only be taken as 
far as the quadratic term in Ai? at the present stage. If the AR is trans¬ 
formed into Ari, Ar^ and A0 it may be shown that 

V =: Vq -j- A X io*{o*i24(Ayi — Ari)^ — 0*103 • ^®A 0 * 

+ 0*319 . rAe(Ari -f Af,)} 

-f iB{o*625(Ayi -I- Ar^y + 0*375 . r*A 0 * 

4- 0*968 . r . A$(Ari -f A^a)} (4) 

This means that, if and kie are to be explained by interaction between 
the hydrogen atoms, we niust then have 

0*6255 — 0*248^' = kii ~ — 0*201 X lO*^ 

0*4845 -h 0*31941' == kio/y = 0*505 X 10® . . (5) 

where A' ^ A x 10*. 

If the repulsion between the hydrogen atoms is of the van der Waals type, 
A' must be negative since A = dK/d 5 which is negative for a repulsion. 
5 will be expected to be positive since at separations less than that cor¬ 
responding to the minimum the van der Waals p.e. curve has a positive 
curvature— 5 is d*F/d 5 *. This means that, if repulsion between the 
hydrogen atoms were the major factor in causing the presence of cross¬ 
terms m the P.E. function of the water molecule, we would expect An 
to be positive. It is, in fact, negative and this implies that there is some 
other more important factor which results in the presence of cross-terms 
in the p.e. function. 

The mter-bond angle in water is 104° 31'. It has been suggested that 
the ideal inter-bond angle is 90° because the unpaired electrons in the 
oxygen atom are zp electrons, but that the angle is greater than this ideal 
value because of repulsion between the hydrogen atoms.® An alternative 
explanation of why the valency angle is greater than 90° is the following. 
Two /?-orbitals are directed at right-angles to one another and, on Pauling's 
theory of directed valency, two bonds which use />-orbitals should ideally 
be at 90^ to one another. However, in the oxygen atom, there are a pair 
of 25 electrons and the 5 -orbitals may contribute to the bond forming 
orbitals. If there is complete hybridisation of the 5- and three /^-orbitals 
the angle between the valency bonds will be 109® 48' (tetrahedral angle).* 
If there is partial hybridisation with the 5-orbital then the inter-bond 
angle will lie between 90° and 109° 48'. It may be that this is the main 
reason why the bond angle in water is 104*^ 31'. We will see how we would 
expect partial hybridisation to contribute to the cross-terms in the p.e. 
function of water. 

The reason why this effect may contribute to the cross-terms is that 
the alteration of one part of the molecule may affect the equilibrium 
configuration of another part. For instance, the alteration of the length 
of one of the bonds may change the equilibrium configuration of the other.® 
In what follows it is presumed that at each stage of the vibration the 
electronic configuration takes up instantaneously the arrangement of 
minimum energy for each particular nuclear configuration.® This is 
equivalent to saying that the electron movements are very much more 
rapid than the nuclear movements. 

From the available evidence it seems reasonable to take the tetra¬ 
hedral covalent radius of the oxygen atom to be 0*66 a.’ and the divalent 

® Pauling, Nature of the Chemical Bond (Cornell), III, Sect. 13. 

* Pauling, /. Amer. Chem. Soc., 1931, 53, 1367. 

® Linnett, Quart. Review, i 947 » *» 73 - 

• Born and Oppenheimer, Ann. Physik, 1927, 84, 457. 

’ Pauling, Nature of the Chemical Bond, V, Sect. 21 ; V, Sect. 23a. 
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radius to be 0*74 a .® This is in agreement with the view that sp^ hybrid¬ 
ised bonds are stronger than /?-bonds.® This means that the lengthening 
of eitlier of the OH bonds will favour an electronic configuration involving 
more /?-bond and less sp^ bond than in the equilibrium configuration. 
This increase in the ^-bond contribution will mean that the whole structure 
will become more /^-bonded, which will mean that the equilibrium length 
t)f tlie other bond will increase and the equilibrium angle will decrease. 
Similarly a decrease in the angle towards 90° mil favour a greater con¬ 
tribution from the />-bonded structure and hence an increase in the length 
of both bonds. Let us represent the equilibrium length of bond No. i 
when the whole molecule is in its equilibrium configuration as and as 
when bond No. 2 is lengthened by and the angle increased by A^. 
Similarly for bond No. 2 and for the angle B. Then, taking into account 
wdiat has been said above, we may write 

n® == • Ara - 

fa® = ^ 2 ° 4- 0 ^ • Afi — CaA0. 

— B"^ — . Afi — CjAfa- • • • (6) 

where Afi — Af, = >'2 — ^2° and AB = B — B"". The constants 

Cl, Cg and c^in (6) are all positive on the basis of the arguments used. Now 
let us suppose that the p.e. for very small displacements is given by 

2F = A,(f, - V)‘+ -*'«“)* +^ 8(9 - e®)*. . (7) 

Substitution of (6) in (7) gives 

2 F — /Ji( Af 1® -f- Afa*) + ^oAB^ — 4kiCiAriAr 2 4 - {2/iiC a -f 2,)A0(Af 1 -f Afa) (8) 

Terms involving c^^, and CiC^ are ignored 5?ince it is presumed that 
Cl, Ci and c^ are all small. It will be seen at once that this accounts for 
the sign of the cross-term constants kn and kis. If Cijr is put equal to 
c^Y, we obtain Ci = 0*007 X and c^jY = c^r = 0*03 x 10® dynes per 
cm. Because these are small it was justifiable to neglect their squares 
and products. The general conclusion we make, therefore, is that changes 
in the extent to which the s-orbital is hybridised with the ^-orbitals during 
a vibration are able to explain satisfactorily the signs of the cross-term 
constants in the p.e. function of the water molecule. That is, these changes 
account for the deviations from the s.v.f.f. 

Before concluding this section we will consider briefly the electrostatic 
repulsion between the hydrogen atoms. Pauling gives the bond moment 
of the OH link in water as 1*51 X 10“^® e.s.u.^® It is presumed, as a 
simple picture, that the charges are located on the nuclei, which means 
that each hydrogen carries 1*58 X lo'"^" e.s.u. Repulsion between these 
charges gives a resolved force, normal to the bond, of 6*7 X 10-® dynes. 
The restoring force when the inter-bond angle is opened through B radians 
is ke . BjY. With k^jY^ = 0*77 x 10®, a restoring force of 6*7 x lo"® dynes 
would be given with B equal to about 5°. So electrostatic repulsion seems 
to be inadequate to explain the opening up of the bonds from 90° to 104^°. 
Of course, the calculation is very much simplified but it appears to indicate 
that other factors are required to explain why the inter-bond angle in 
the water molecule is so much greater than 90®. 

Therefore, taking into consideration what we have said before, we 
suggest that probably the most important reason why the HOH angle 
is greater than 90® is because hybridisation of the 5-orbital with the 
^-orbitals occurs to a considerable extent when the oxygen forms its two 
bonds in water. Repulsion between the hydrogen atoms appears, on the 
present evidence, to be less important than the hybridisation of the orbitals. 

* Palmer, Valency (C.U.P.), pp. 45 and 82. 

• Pauling and Sherman, J. AmeY. Chem, Soc, 1937, 59 » I 450 - 
Pauling, Nature of the Chemical Bond, II, Sect. ii^f. 
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Cubic and Ouartic Terms. 

Darling and Dennison used co-ordinates Xi, and X^ which were 
proportional to the normal co-ordinates. They wrote the p.e. function 
of the water molecule in the form : 

V/he = i(niXi^ -+• Wa-Ya* + WaA'a*) -f (aiATj® + ajATa* + asA’i*Ar2 

-f u,X,X,^ 4 - Oi,X,X^ 4 - tteATa^a*) + + ^2^2* 

+ iSsA'a* + ^ 4 Ai*Aa* + -f- p.X.^X^H^ 

+ jSsAi^Aa + P,X,X,X^) ( 9 ) 

where Wi, and ti* are the vibration frequencies for infinitesimal displace¬ 
ments in wave-numbers. They were unable to determine /Sg and 
From the determination of the force constants ki, Hq, and k^Q it is possible 
to express X^, A„ and A* in terms of A^a and Ad. It is found that 

Xx X 10-8 = ± (7-40256 . AS 4 - 0*455730 Y^e) 

Aa X 10-8 ^ ^ (4-78638 rM ~ 0*0248547 AS) 

Aa X 10-8 == ± (7*38567 AT)) .... (10) 

where AS = Ar^ 4 - A#'a and AD = Ar^ — Ar*- The alternative signs do 

not matter in the quadratic terms but they do in the cubic. 

These expressions (10) are now substituted in the cubic part of (9) 
together with the ai—ag values found by Darling and Dennison to give 
the cubic part in terms of AS, AD and AO. The positive sign in the ex¬ 
pression for Aj is used because it is found that if the expression with the 
negative sign is used a most improbable expression is obtained (see later). 
There are now two possibilities according to whether the positive or negative 
sign in the expression for A* is used. We will not at the moment select 
one rather than the other. The two possibilities are : 

V' X 10-8 = — 2*594 X 108 A 5 * — 0*481 X 10® rAS^AO 
4- 0*700 X 10® r^ASAO^ — 0*057 X 10® r^AO^ 

— 7*293 X lo® A 5 AD* 4 - 0*381 X io®fAd . AD* (iia) 

or V' X 10-8 == — 2*594 X ro® AS® — 0*492 x 10® t'AS^Ad 

4 - 0*697 X 10® r^ASAO^ 'f 0*146 X 10® r’Ad® 

— 7*284 X 10® ASAD* — 1*278 X 10® rAO . AD* (ub) 

where V' is the cubic part of V. 

The first thing that stands out, whichever of these two is correct, is 
that the two biggest terms are those involving AS® and ASAD* and that 
the ratio of the coefficients of these two terms is quite close to i : 3. If 
we take the coefficients of these two terms as 2*59 and 7*29 X 10® respect¬ 
ively and replace AS and AD by Avi and Ar^ we obtain as far as these two 
terms are concerned : 

V X 10-8= — 9*88 X io®(Ari® 4 " Ara®) ~ 0*48 x io®(Ari*Ar2 4 - ArjAf a*) (12) 
That is, the terms which do not involve the mixing of Ar, and A^a are far 
more important than the Ari^Ar^ and AviAr^^ terms (coefficients in the 
ratio of 20 : i). Therefore the most important cubic terms are those 
which represent the departure of the OH bond p.e. function from the 
parabolic form. 

We will compare the above coefficient of the Arj® term with the similar 
term for the ground state of the OH radical. For the OH radical: 
Ve = 3727*95 cm.-i; = 78*15 cm.-^; and re = 0*9710 a.^* Sub¬ 
stituting these into the Morse function we get a = 2*21106 x lo* «nd 
D = 8*8282 X 10-^8, and when the Morse function is expanded we get 
— 9*54 X 10^® for the coefficient of the cubic term in the expression for V. 

Dennison, Rev. Mod. Physics, 1940, 175. 

*8 Tanaka and Koana, Proc. Phys. Math. Soc. Japan, 1934, *6,365 ; Herzberg, 
Molecular Spectra and Molecular Structure of Diatomic Molecules (Prentice-Hall), 
p. 491. 
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This is the same order of magnitude as that obtained above and the agree¬ 
ment is quite as good as would be expected for the presence of the second 
hydrogen atom is bound to affect the electron distribution in the other 
OH link. This comparison with the OH diatomic molecule therefore 
confirms the above finding. 

It may be pointed out at this stage that, had the negative sign been 
taken in the expression (lo) for ATj, the coefficient of Ar,® and Ar,® would 
have been positive which is not at all likely. 

Before considering the remainder of the cubic terms in the potential 
energy expression we will take a look at the quartic terms which involve 
only A^i and Ar,. Since the coefficient of A 5 in is so small this means 
that we need consider, for quite an accurate result, only the terms involving 
Xi*, and Darling and Dennison give the coefficients of these 

terms as jSj = 39, — 35, and jSj = 212. Now, to a close approximation 

X^ X io“® = 7*4A5 and X^ x io“* = 7*4AD. It w'ill also be seen that 
jSj and jSj are about equal and a sixth of Py Since 

AS* 4 - AD* -f- 6AS»AD* - SAr,* + 8Ar*^ 

this means that the main quartic terms involving Ar^ and Arj are those 
which do not involve any mixing and that the coefficients of the Ari^Ar^, 
Avi^Avz^ and AviAr^^ are relatively small. The coefficient of the quartic 
terms A^i* and Ar^* is approximately 17 x io®Mn the expression for V. 
The quartic term in the expanded Morse function of the OH radical is 
ca. 12 X 10*^ which is of the same order of magnitude. It is interesting 
that in the quartic terms as in the cubic terms, the terms which are associ¬ 
ated with each OH link taken separately are the most important. 

In (ii) we gave the two possible expressions for the cubic terms in 
the p.E. function. Let us now see if it is possible to decide which is more 
likely to be the correct one. A marked difference between them is that 
in (i la) the coefficient of the A0® term is negative, while in (i 16) it is positive. 
Since it is very probable that the p.e. increases more rapidly as the angle 
decreases than as it increases because of the crowding together of the 
orbitals, it seems to us that it is probable that the coefficient of A0® has 
a negative sign (cf. that of Ar®). This means that the correct set of cubic 
terms is probably (iia). It remains to be seen whether it is possible to 
offer any reasonable explanation of the coefficients of AriAr2(^^i -h Ar^), 
rAS^Ad, r^ASAd^ and yAD^AB which are —0-48, — 0*48, 4- 070 and 
4" 0*38 X 10® respectively in the expression for V x iO“®. We will see 
whether repulsion between the hydrogen atoms can account at all for these 
coefficients. Let the repulsion potential energy function be taken as 

K = Ko 4 - A(AR) 4 - iB(Ai?)® + iC(Ai?)® 4-.(13) 

It may be shown that the above coefficients are : 

ASAyiAy ^ = — 0*0645^" 4- o*0978B' 4- 0-2472C = — 0*48 x lo^®, 
yAS^AB = 0-2526B' 4 " o-i787C = — 0*48 x 10'®, 
y^ASAB^ — — 0-1941^" 4- 0*032415' 4- o*I48iC = 4- 0*70 x 10^®, 
yAD^AB = — 0*2167^" 4- 0*0757B' = 0*38 X 10“ . . (14) 

where A'' — A x 10'® and B' ~ B x 10®. 

As was stated earlier, for a van der Waals repulsion between the hydrogen 
atoms, we would expect A to be negative and B to be positive. We would, 
moreover, on the basis of a p.e. function of the type used by Lennard- 
Jones,^® expect C to be negative. If we use the last three equations of 
(14) to solve ioT A, B and C we obtain C = 17 x 10^®, B = — 3*0 x 10® 
and = — 2*8 X io“®. Thus, of these, only A has the correct sign. 
Further tests show that the equations under (14) cannot be explained by 
any likely set of values for A, B and C. We conclude, therefore, that 
repulsion between the hydrogen atoms cannot explain the cubic cross-terms. 

Lennard-Jones, Pyoc . Physic. Soc., 1931, 43, 461. 
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Of course the sign of certain of the cubic cross-terms could be accounted 
for by such a repulsion but this is probably of no significance and would 
be anticipated on chance alone. We are therefore brought to the same 
conclusion as we reached when considering the quadratic terms. That is, 
that there are factors other than repulsion between the hydrogen atoms 
which are important in causing departures from the p.e. function based 
on the simple valency force field. At the moment we are not able to 
offer any satisfactory explanation of the cubic cross-terms in the p.e. 
function and, because of this, it seems pointless to consider the cubic 
terms further than we have done already. Suggestions might be made 
to explain these cubic cross-terms but they would be valueless as they 
could not be tested. 

Our two main conclusions are : (i) Repulsion between the hydrogen 
atoms does not seem to be of major importance in the water molecule 
and the reason that the HOH angle is greater than 90° appears to be that 
there is considerable hybridisation of the s-orbital with the ^-orbitals 
of the oxygen atom in bond formation. On this supposition we can ac¬ 
count for the quadratic cross-terms in the p.e. function, (ii) The most 
important cubic and quartic terms in the p.e. function are those involving 
Arj*, Ay a®. A^i* and Ay a* aiid they have coefficients very close to those 
of similar terms in the p.e. function of the OH radical. The most important 
cubic and quartic terms are therefore those which measure the departure 
of the bond p.e. functions from the simple parabolic form and not those 
which measure interactions between the two bonds or the bonds and the 
angle. The cubic cross-terms cannot be accounted for satisfactorily by 
repulsion between the hydrogen atoms. 

In conclusion we wish to thank the Hope Department and the 
Christopher Welch Trust for allowing us the use of a calculating machine 
and Mr. R. P. Bell for his advice. 

Summary. 

Darling and Dennison’s p.e. function for the water molecule has been trans¬ 
formed into a function involving as variables the changes in the bond lengths 
and inter-bond angle. The form of this function is discussed in relation to various 
structural factors in the water molecule. It is concluded that the most important 
reason why the HOH angle in water is greater than 90® is because there is hybrid¬ 
isation of the 25 -orbital of the oxygen atom with the 2/)-orbitals in the formation 
of the O—H bonds. 

Inorganic Chemistry Laboratory, 

Oxford University. 
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Urey and Bradley ^ accounted for the vibration frequencies of the 
tetrahedral molecules XY* by supposing that the inter-atomic forces 
in the molecule could be divided into two types': (a) valency forces tending 
to restore valency bonds to their equilibrium lengths and valency angles 

^ Urey and Bradley, Physic. Rev., 1931, 38, 1969. 

20 
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to their equilibrium angles ; (6) repulsion forces between non-bonded 

atoms. Type {a) in the tetrahedral molecules necessitates the use of two 
valency force field (v.f.f.) constants which are (i) the force constant of 
the XY bond ; (ii) the constant of the YXY angle. Urey and Bradley 
supposed that the repulsion between the non-bonded Y atoms could be 
represented by where R is the distance between the Y atoms and 

a is a constant. With this type of force field, Urey and Bradley calculated 
the four frequencies of the XY4 molecules from three constants, the two 
V.F.F. constants and a. Using a completely new set of constants for each 
molecule they obtained satisfactory results for the molecules CCI4, SiCl4, 
TiCL, SnCL, CBr4 and SnBr4. It appears from their results that this 
type of force field is satisfactory. However, it does seem likely that, if a 
repulsion exists between the non-bonded Y atoms, it should be possible 
to discover a function relating the potential energy (p.e.) and the distance 
between the Y atoms which may be used in all the XY4 molecules whatever 
the nature of X provided that Y remains the same (e.g. in the .series of 
tetrachlorides). This will, of course, only be possible if the electronic 
structure of the bonded Y atoms does not change greatly from molecule 
to molecule. The present paper is concerned with showing that it is 
possible to find such a function for the tetrachlorides and tetrabromides. 
Unfortunately the vibration frequencies of only two tetrafluoricie^We 
known. ^ ^ 

That repulsion between the non-bonded atoms is an important factor 
in the tetrahedral molecules is indicated by the following considerations. 
If the P.E. function of the molecule XY4 could be represented entirely in 
terms of the two v.f.f. constants, it may be shown that the following 
relation between the frequencies would hold ® 

+ + +5».(. + 2=s) . . (I) 

V 3 »Wx/ 3 V 3 >Wx/ 

where Ai = 47 r^c\, where is the frequency of the ith vibration frequency 
expressed in wave-numbers. The vibrations are numbered as follows : 
(1) the totally symmetric vibration ; (2) the doubly-degenerate vibration ; 
and (3) and (4) the two triply-degenerate vibrations. Table I gives 

TABLE I.—Comparison of Departures from the Simple Valency Force 
Field with the Sizes of the Atoms for the Tetrahedral Group IV 
Tetrahalides.* 


Molecule. 

^3 + ^4 
obs. 

^ 9 + A4. 
calc. 

Percentage 

Diff. 

Radius 
of X. 

Radius 
of Y. 

Radius X. 
Radius Y 

SiH4 . 

3.29 

3-36 

2*1 

I-17 

0-30 

3*9 

CD4 . 

3-59 

3'76 

4*7 

0-77 

0*30 

2*6 

CH4 . 

6‘38 

6-69 

4*9 

0-77 

0*30 

2*6 

NH4+ 

6-93 

7-27 

4*9 

0*70 

0*30 

2*3 

SiF4 . 

0*72 

0-79 

9*7 

1*17 

0*64 

1*8 

SnCL . 

O'106 

o-ii8 

11*3 

1-40 

0-99 

1*41 

SnBr4 

0-050 

0-059 

18*0 

1*40 

1*14 

1*23 

TiCL . 

0*156 

0-191 

22*4 

1-31 

0*99 

1*32 

GeCL . 

0-138 

0-169 

22-5 

1*22 

0*99 

1-23 

GeBr4. 

0-071 

0-089 

25*3 

1*22 

I-I4 

1*07 

SiCL . 

0-25 

0*32 

28*0 

1*17 

0*99 

1*19 

SiBr4 . 

0-151 

0-20 

32-5 

1*17 

1*14 

1*03 

CF4 . 

1-18 

1-89 

60-2 

0*77 j 

0*64 

1*2 

CBr4 . 

0*29 

0*53 

83*0 

0*77 

1*14 

0*68 

CCI4 , 

0-41 

078 

90-2 

0*77 I 

0*99 

0*78 


* Herzberg, Infra-red and Raman Spectra of Polyatomic Molecules (van 
Nostrand), p. 182. 
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(A, -f A 4) observed, and the same calculated using (i) from Ai and A a for 
fifteen molecules. It will be seen that for all, the former is less than the 
latter, and the fourth column gives the percentage difference between 
these. The molecules have been arranged in the table in the order of 
this percentage difference. In the fifth and sixth columns are given the 
tetrahedral radii of the central X atoms and the outer Y atoms, and in 
the last column the ratios of these radii are listed. It will be seen that, 
in the main, the figures in the last column decrease on passing down the 
table. That is, as Y increases in size relative to X (the ratio becomes 
smaller) the departure from the simple v.f.f. becomes greater. This is 
precisely what would be expected if repulsion between the non-bonded 
atoms is the cause of the departure from the simple v.f.f. So this evidence 
supports the view that the forces between the non-bonded atoms are 
important in the vibrations of these molecules. 

Vibration Frequency Calculations. 

In the following treatment it is supposed that the variation of p.e. 
with change of the XY< distance (represented by r,) is given by/(j'<) ; that 
the variation of p.e. with change of the Y^Y^ distance (represented by 
Rii) is given by F(i?<^) ; and that the variation of p.e. with changes in the 
Y<XY^ angle (represented by Aa<^) is given by F = The total 

p.e. is therefore : 

+2;iA«.Aa„*. . . (2) 

t ij ij 

For calculating the vibration frequencies for vibrations of infinitesimal 
amplitude we shall expand f{r) and F(i?) in powers of Ar and AR up to 
the second where these measure the changes in r and R from the values 
they have at equilibrium (y^® and Then 

V = 

i i i 

a a a 

+ 2 4 «a • Aa„*.(3) 

ij 

We will represent the above differentials as follows : 

f'irn = C ; m) = k ; F'(i?„») = - B ^ A. . {4) 

k is the force constant of the XY link. The expressions for the vibration 
frequencies are then : 

A, = (ft + 8^)/w,.(5) 

A, = (Mn* + 2 ^ + BIR^)m^ .(6) 

A» + A. = (ft + 8^/3 — 4B/3i?‘>)(i/mj + 4 / 3 »«x) 

+ (2ft«/(*'‘’)’ + 4^/3 + ioB/3i?'’)(i/»nj + 8/3mx) 

- ( 8^/3 - 4 ^/ 3 ^”)( 8 / 3 »«x).(7) 

A,A, = (ft + 8^/3 l3R°)[2k„/{r°)^ 4* 4-^/3 + ^oB/^R°) 

— [1(8^/3 - 4B/3J?*)‘][i/»»y» + 4/wx . w,]. . . (8) 

The first stage in our calculations was to use the four observed fre¬ 
quencies of each of the molecules (see Table IV) to calculate k, 

A and B/R^ for all the molecules. That is the four constants are deter¬ 
mined from the four vibration frequencies. The results are shown in 

* Dennison, Astrophys. 1925, 62, 84. 

* Scaeffer, Z. physik., 1930, 60, 586. 

* Trumpy, ibid,, 790. 
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Table II. If we now assume that the p.e. function, F(i?), may be repre¬ 
sented by V — then jB//?® = and ^4 = fi(n + i)a/2(i?°)"+*; 


and 


B/i? 


(n 4- i)/ 2 . The values of n given in the last column of 


Table II were obtained using the values of A and in the fourth and 


TABLE II.— Calculation of the Four Constants kdKf^)^, A and B/B® 
FROM THE Four Vibration Frequencies of the Tetrahalide Molecules. 


CF, . 

4*32 

0*240 

0*603 

0*211 

4*7 

SiF4 . 

5*7 

0*5 

0*198 

0*213 

0*9 

CCI4 

1-79 

0*0797 

0*318 

0*094 

5*9 

SiCl4 . 

2*55 

0*0408 

0*146 

0*056 

4*3 

GeCl4 . 

2*40 

0*0369 

0*106 

0*037 

4*7 

TiCl4 . 

2*46 

0*0460 

0*076 

0*0069 

21 

SnCl4 . 

2*34 

0*0279 

0*053 

0-033 

2*2 

CBr4 . 

1-38 

0*0482 

0*241 

0*086 

4-6 

SiBr4 

2*01 

0*0366 

0*115 

0*042 

4*5 

GeBr4 

1*90 

0*0290 

0*085 

0*030 

4*7 

SnBr4 . 

1*84 

0*0204 

0*055 

0*0225 

3*9 


TABLE III.— Calculation of the Constant, a, in the Suggested Repulsion 

P.E. Function. 


Molecule. 

in A.* 

R° in A. 

a in ergs, (a.)-**® 

CF, . . . 

1*36 

2*22 

10*0 X IO~^^ 

CCI4 

1*755 

2*87 

24-4 

SiCl4 

2*00 

3*27 

26*1 

GeCl4 . 

2*08 

3-40 

24*3 

TiCl4 

2*18 

3-56 

28 

SnCl4 . 

2*30 

3-76 

22 

CBr4 

1*94 

3-17 

35 *i 

SiBr4 

2*14 

3-49 

31*4 

GeBr4 

2*29 

3-74 

37*2 

SnBr4 

2*44 

3-98 

35*0 


TABLE IV.— Calculated and Observed Vibration Frequencies using 
Calculated Values of A and B/i?® and Adjusted Values of k and A:«. 
the Observed Vibration Frequencies are given in Brackets. 


Mol. 

A 

X 10 - 6 . 

BIR ^ 

X 10-6. 

k 

X 10-6. 

^<x 

X io«. 

calc. (obs.). 

*-3 

calc. (obs.). 

Vi 

calc. (obs.). 

’'a 

calc. (obs.). 

CF, . 

0*603 

0*219 

4*23 

0*370 

899 (904) 

1272 (1265) 

624 (613) 

433 (437) 

SiF* . 

0*214 

0*078 

5*7 

0*207 

814 (800) 

TOO7 (1022) 

354 (420) 

260 (260) 

CCI4 . 

0*326 

0*119 

1*71 

0*213 

459 (459) 

787 (790) 

315 (313) 

216 (217) 

SiCl 4 . 

0*140 

0*051 

2-59 

0*186 

424 (425) 

608 (607) 

218 (221) 

151 (151) 

GeCl4 

0*109 

0*040 

2*39 

0*147 

398 (397) 

450 (451) 

172 (171) 

132 (132) 

TiCl* . 

0*081 

0*029 

2*42 

0*119 

386 (386) 

496 (497) 

156 (144) 

II4 (120) 

SnCl* . 

0*056 

0*021 

2*31 

0*196 

366 (366) 

402 (404) 

129 (134) 

109 (104) 

CBr* . 

0*240 

0*087 

1*37 

0*181 

264 (205) 

669 (667) 

183 (183) 

123 (123) 

SiBr4 . 

0*128 

0*047 

1-95 

0*119 

252 (249) 

482 (487) 

139 (137) 

90 (90) 

GeBr4. 

0*080 

0*029 

1*91 

0*153 

233 (234) 

329 (328) 

III (ill) 

78 (78) 

SnBr4 

0-055 

0*020 

1*84 

0*126 

220 {220) 

279 (279) 

87 (88) 

04 (64) 


‘ Pauling, Nature of the Chefnical Bond (Cornell). 
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fifth columns and the above relation. It will be seen that, for a high 
proportion of the molecules, the value of n is close to 4*5. We will take 
this to be the value of n. The constant a can now be calculated from the 
values of A listed in Table II using the relation already given with 
= 4*5» and the values of which have been determined by electron 
diffraction and other methods. The results of this are shown in Table III. 
As a result of the figures obtained in Table III we will assume for the 
fluorides that a = 10 x for the chlorides that a = 25 x IO“^^ for 

the bromides that a = 35 x io~*^ Using these we can calculate the 
values of A and BjR^ for each of the molecules, the values of 7 ?® that 
are used being those in Table III. In Table IV arc given the observed 
and calculated vibration frequencies for the eleven molecules considered 
together with the values of k and that have been used. The calculated 
values of A and B/i?® that were used for each molecule have also been 
included. 


Discussion. 

In the first place it will be seen that for the four tetrabromides the 
observed frequencies are accounted for very well. The average % error 
over all the sixteen frequencies is 0*4 and the maximum errors occur in 
SiBr4. The .sixteen vibration frequencies have been explained using 
eight separately-adjusted valency force field constants, and the two con¬ 
stants a and w, i.e. ten in all. For the chlorides the vibration frequencies 
of CCI4, SiCL and GeCL are accounted for very well but the frequencies 
of the bending vibrations of SnCL are not determined so closely and those 
of TiCL still less closely. For these five molecules the average % errors 
in the frequencies are 0*4, 0-5, 0*3, 2*5 and 3*5 respectively. However, 
taken as a whole, the results for the chlorides are quite good. As regards 
the fluorides the results for carbon tetrafluoride are quite good (average 
% error = 0*9) but those for the bending frequencies of SiF4 are very 
poor. It seems that the frequencies of the other tetrafiuorides need to 
be known before the problem of the fluorides can be settled. 

However, the general conclusion for the tetrachlorides and tetrabromides 
must be that the vibration frequencies can be explained by a simple 
valency force field together with a repulsion between the non-bonded 
halogen atoms. Also the results in Table IV show that the same function 
may be used for the forces between the chlorine atoms in all the tetra¬ 
chlorides—and similarly for the forces between the bromine atoms in 
all the tetrabromides. The actual result is that the p.e. in ergs between 
two non-bonded chlorine atoms separated by R is 

F = 25 X + const. 

between 2*8 and 3-8 a. That between two non-bonded bromine atoms is 
= 35 X lo’^^/i?**® -f const. 

between 3*1 and 4*0 a. That between two non-bonded fluorine atoms is 
V = 10 X -f const, 

at about 2-2 a. The forces in the three cases are given by 

(a) fluorine atoms : F — — dF/d/? = 45 x io“*/i?**® dynes ; 

(h) chlorine atoms : F = — dF/dJ? = 112-5 x dynes ; * 

(c) bromine atoms : F = — dF/di? = 157*5 X io“V^®’* dynes. 

The second differentials which give the curvatures of the p.e. curves are 
in the three cases : 

» 

(a) fluorine atoms : d®F/di?* = 247-5 X io*/F®*® dynes per cm.; 

(b) chlorine atoms : d*F/di?* = 618-75 x io*/R*** dynes per cm. ; 

(c) bromine atoms : d*F/dF* = 866-25 x loV-R®*® d)mes per cm. 
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These forces between non-bonded atoms in molecules might be ex¬ 
pected to show some resemblance to the forces between iso-electronic 
inert gas atoms in the gaseous state. Lennard-Jones ’ used the (/>, v, T) 
relationships of the inert gases helium, neon and argon to determine these 
forces.®’ ® We would expect bonded fluorine to resemble neon and bonded 
chlorine to resemble argon. Table V gives the comparison of dF/dR 
and d^F/di?* at R — 2*2 for bonded fluorine and neon, and at R = 3 a. 
for bonded chlorine and argon. For bonded chlorine and argon both 
dF/dR and d®F/dR* are of the same order of magnitude and it appears 
to us that the agreement is as good as could be expected. For bonded 
fluorine and neon the agreement is not as good but it must be remembered 
that the repulsion formula for bonded fluorine was based on one molecule 
only—namely CF4. It is a pity that bonded bromine cannot be com¬ 
pared with krypton, since the results for the tetrabromides were the best, 


TABLE V. —Comparison of Repulsion Required for Bonded Halogen 
Atoms in the Tetrahalides with that Required for Inert Gas Atoms. 


Case Considered. 

~ dVIdR. 

d*F/dR2. 

Bonded fluorine at 2*2 a. 

5*89 X IO-® 

1*47 X 10® 

Neon atoms at 2*2 a. . 

I-3I .. 

0*83 ,, 

Bonded chlorine at 3 a. 

2*67 

0*49 

Argon atoms at 3 a. 

0*94 

0*46 ,, 


but no figures for the latter are available. It must be remembered, of 
course, when considering the comparisons in Table V that the variation 
with R of the function used here is very different from that of the Lennard- 
Jones function, so that agreement between the figures compared will vary 
with varying R. However, the comparisons in Table V have been made 
in the ranges for w’hich our function has been used. The agreement in 
order of magnitude that is observed in Table V does encourage one to 
believe that the van der Waals repulsions that have been included in the 
present treatment do have a very real effect on the molecular vibration 
frequencies. 

As regards the magnitudes of the v.f.f. constants that it has been 
found necessary to assume, it seems that the bending constants are much 
smaller than would have been expected. In all cases except CF4, is 
of the order of o*i to 0-2 X io“^^ dyne cm. per radian, whereas the bending 
constants in other cases, where van der Waals repulsions are not likely 
to be important (e.g. CH4 and NH,), have been found to be bigger than 
this (o*4-o-8 X io““). On the other hand, our knowledge of bending 
constants is very meagre and we cannot say that the values it has been 
necessary to assume for are impossibly small. 

The bond force constants of the CF, CCl and CBr linkages are lower 
than would have been expected from the results that have been obtained 
for these linkages in the methyl halides, where the constants are 5*6, 
3*4 and 2-9 x 10® dynes per cm. respectively.^® This will be considered 
further later in this paper. The force constants of the linkages from the 
other central atoms to the halogens are all quite reasonable in magnitude. 

In the series CCl, SiCl, GeCl, SnCl the bond force constant increases 
considerably from CCl to SiCl and then decreases steadily, though slowly, 
from SiCl to SnCl. The same variation is observed in the similar bromide 
series and the beginnings of it in the fluoride series. It would perhaps 

’ Lennard-Jones, Proc. Roy. Soc. A, 1931, 43, 461. 

® Buckingham, ibid., 1938, 168, 264. 

• Fowler and Guggenheim, Statistical Thermodynamics (C.U.P.), p. 285. 

^® Linnett, Quart. Reviews, 1947, i, 73. 



D. F. HEATH AND J. W. LINNETT 567 

have been expected that there would have been a steady decrease in force 
constant right through from carbon to tin. However it is possible that 
the increase on passing from CCl to SiCl is due to the fact that in silicon 
(and Ge and Sn) the covalency maximum is greater than four whereas 
in carbon it is four because there are no ^-orbitals with a principal quantum 
number of two. This would mean that non-ionic structures involving 
Si=Cl would be possible but that non-ionic structures involving C=C1 
would not be possible. An alternative explanation is that in the carbon 
halides the repulsion between the halogen atoms is so great that the carbon 
halogen bond is distorted and weakened to a much greater extent than in 
the non-carbon tetrahalides where the central atom is larger. The variation 
in bending constant with position in the Periodic Table is less well marked 
though it may be noted that throughout there is a drop on passing from 
the carbon to the silicon compound. 

The repulsion between the halogen atoms must mean that the distances 
between the central atoms and the halogen atoms in the tetrahalides are 
greater than they would be if there were no repulsion between the non- 
bonded atoms. It is a matter of considerable interest to know the probable 
extent of this stretching. In the first place let us make the simple assump¬ 
tion that is the unstretched equilibrium length of the XY link and that 
the P.E. of the link is of the simple form V = ^k(r — This means 

that f'(r^) = k(r° — y®) and P(>'°) — k. Now it is necessary for equilibrium 
that, at the position of minimum potential energy, V 6 F'(R°) — ~ 

Or, using the results above, that V6B — k(r° — r®). Since B and k 
are known for each molecule, — r®, which is the stretching of the XY 
link resulting from the repulsion between the Y atoms, may be calculated. 
The results of these calculations for CF4, the five chlorides and the four 
bromides arc shown in Table VI. The interesting result of these cal- 


TABLE VI.— Stretching of XY Links Caused by Repulsion between 

Y Atoms. 


Molecule 

CF, 

CCI4 

SiCl4 

GeCU 

TiCU 

Stretching 

0-28 

0*49 

o*i 6 

0*14 

0 ‘II A. 

Molecule 

SnCl4 

CBr^ 

SiBr4 

GeBr4 

SnBr4 

Stretching 

o*o 8 

0*49 

0*20 

0*14 

0*10 A. 


culations is the surprisingly large stretching that these linkages seem to 
have experienced. This is particularly true for the carbon tetrahalides. 
Admittedly, there may be considerable error in this estimate of the 
stretching for we have made several assumptions which may not be 
justifiable (e.g. that the parabolic form of the XY p.e. function is satisfied 
over a considerable range of r), and also the value of B may be somewhat 
in error. The results given in Table V indicated that the first differential 
of the repulsion p.e. function may have been taken to be bigger than is 
actually the case. However, the present results do support strongly 
the conclusion of Badger that the elongation of the bonds in these mole¬ 
cules is considerable. We agree with him that it seems very surprising 
that the determination by electron diffraction of the C—Cl bond lengths 
in CHsCl and CCl4 yields virtually the same value. We are therefore 
inclined to agree with the conclusion of Sutherland that the C—Cl Ijnk 
in CHjCl is, in fact, shorter than in CCl 4, rather than with the recent 
suggestions of Borge Bak for explaining the apparent lack of agreement 
between the spectroscopic and electron diffraction observations. However, 

Badger, /. Chem. Physics, 3, 710. 

Sutherland, Trans. Faraday Soc., 1938, 34, 325. 

Bdrge Bak, J. Chem. Physics., 1946, 14, 698. 
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whatever the final decision regarding the size and shape of these mole¬ 
cules, it is certain that no consideration of the carbon-halogen links in 
the carbon tetrahalides should ignore the distorting effect of the repulsion 
between the halogen atoms, as so many have done in the past. The same 
is true to a lesser degree for the other tetrahalides. 

Summary. 

It has been shown that the vibration frequencies of the tetrahalides of the 
Group IV elements can be explained using a s.v.f.f. combined with repulsion 
between the non-bonded halogen atoms. It is found that the same repulsion 
p.E. function can be used for all five tetrachlorides—and similarly for the four 
tetrabromides. The magnitudes found for the first and second differentials of 
the repulsion p.e. function are found to be reasonable if the repulsion is of a 
van der Waals type. The effect on the molecular structure of these repulsions 
between the non-bonded atoms is discussed. 

Inorganic Chemistry Laboratory, 

Oxford. 


THE TRAINING OF BACTERIA TO NEW CARBON 
SOURCES. BACT. LACTIS AEROGENES AND cf- 
ARABINOSE. 

By S. Jackson and C. N. Hinshelwood. 

Received i%th June, 1947. 

One of the properties of bacteria which most challenges physico¬ 
chemical interpretation is the power of adaptation. The phenomena of 
response to changed environment, for example where one carbohydrate 
is replaced by another as a source of carbon for growth, follow what appear 
at first sight to be two main patterns. According to one, what is usually 
called training occurs. Cells able to utilise A but not B are grown in serial 
subculture in a mixture of A and B, the proportion of A being gradually 
reduced to zero, and at the end of this process they are able to utilise 
B alone. According to the other, what is usually referred to as the 
production of variants occurs. This is illustrated by the example of 
Bact. coli mutabile and lactose. With this sugar as carbon source no 
growth occurs for some days, after which a multiplication of “ lactose 
variants is observed.^ 

The nature of these phenomena seems to be worthy of further detailed 
study. In those of the first type, if the cells acquire the property of 
utilising B while growing in A, it would imply that some intermediate 
substance formed during growth in A modifies the cells in such a way 
that they can incorporate B. The dependence of the effect upon the nature 
of A and B assumes considerable interest. On the other hand, the problem 
arises whether “ variant " production is merely a question of time, or 
whether it is likely to be helped by serial subculture in suitable mixed 
media. The answer will have some bearing on the nature of variants, and 
will in any event help to systematise our knowledge about changes in 
bacterial character. 

The experiments described in this paper deal with the second of the 
problems mentioned. The example chosen for study was that of Bact. 
lactis aerogenes which under suitable conditions grows with optimum 
efficiency in an artificial medium containing glucose or /-arabinose as 

^ Massini, Archiv. Hyg., 1907, 61, 250. Postgate and Hinshelwood, Trans. 
Faraday Soc., 1946, 42, 45. 
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carbon source, but under corresponding conditions refuses to utilise 
^i-arabinose except after a lag period of the order of days.* It was pro¬ 
posed to determine whether some process of subculture in mixed media 
would encourage the emergence of the ^i-arabinose “ variants.*' These 
experiments led to others designed to throw light on the nature of the 
(^-arabinose utilising cells. 

In the first series of experiments a strain of Bact. lactis aerogenes was 
serially subcultured in a medium containing as carbon source a mixture 
of d- and /-arabinose, the other constituents of the medium being as 
described in previous papers from this laboratory on carbohydrate 
adaptation.'* * At various stages tests were made of the lag shown on 
transfer to a medium with ^/-arabinose as sole carbon source and, as control, 
into /-arabinose. These test transfers were all made at the moment when 
the lag in the new medium would be minimal, that is, when the lag in the 
/-sugar would be nearly zero. A standard inoculum size of 0*2 cc. (into 
26 cc. fresh medium) was employed. The value of the quantity (lag in 
i/-arabinose minus lag in /-arabinose) plotted against the serial subculture 
number gave smooth curves, and decreased from an initial value of 160 hr. 
almost to zero in the course of about 50 subcultures. (This same result 
would have been achieved by leaving the first inoculum into f/-arabinose 
for the 160 hr. necessary for growth and then subculturing instead of 
subculturing daily as was done in the actual series.) This series, which 
is illustrated in Fig. i, shows that adaptation does occur in the course of 



subculture in the d4 mixture, but only slowly. 

In the next group of experiments three series of subcultures were 
carried out in parallel, each in a (/-/-arabinose mixture, transfers being 
made at intervals of 12, 24 and 48 hr. respectively. In a similar group 
the corresponding transfers were made in a medium with. a mixture of 
(/-arabinose and glucose. As before, the progress of the adaptation was 
measured by the value of (lag in (/-arabinose—lag in /-arabinose) in a seiies 
of parallel tests. With the strain of cells used in these experiments the 
initial lag in the (/-arabinose was 60 hr. The results showed that the 
power to utilise the (/-compound was acquired much more slowly when 
the transfers were made at the shorter^intervals. In other words the 
important factor appeared to be the periods of rest in contact with the 

* Cooke and Hinshelwood, Trans. Faraday Soc. (in press). 


20* 
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ci-arabinose. Separate experiments having shown that the logarithmic 
growth phase occupied approximately hr. for each subculture, the 
total resting time could be computed. In Fig. 2 the measure of the lag 



Fig. 2.—Open circles and horizontally divided circles, subcultures in rf-/-arabinose 
mixtures, 12, 24 and 48 hr. series. Blacked-in circles and vertically divided 
circles, subcultures in glucose-i?-arabinose mixtures, 12, 24 and 48 hr. series. 

difference is plotted against the total length of the resting time. The 
results strongly suggest that no progress at all is made during the actual 
growth in the mixed sugars but that before growth can occur in ^/-arabinose 
a period of contact without growth must elapse, irrespective of interruptions 
by growth phases in other sugars. 

To test this conclusion more rigidly the following experiments were 
made. A number of inocula were made in parallel into ^^-arabinose. 
Some were left until growth occurred, the observations giving the initial 
lag, Lq. To others, after given times, T, was added 0*5 g. glucose or 
/-arabinose and full growth was allowed to take place. When it was just 
complete, that is, when the condition for minimal lag was reached, inocula 
were re>transferred to <f-arabinose and the lags, L, were determined. 
Within the range of the experimental error it proved that L ~ Lq ■— T, 
The total lag may thus be divided into parts by the interruption of a growth 
period in another sugar, but its total value remains constant. 


Strain. 

Lq, 

T . 

L. 

L + T . 

I . 

45 hr. 

24 

15 

39 

II . 

69 

II 

54 

65 

Ill 


3 

186 

189 



20 

165 

185 



27 

150 

177 


ca , 190 

45 

137 

182 



97 

103 

200 



115 

92 

207 

IV 

94 

16 

89 

105 



38 

51 

89 



24 

74 

98 

V 

113 

16 

89 

105 



24 

76 

100 



37 

70 

107 
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These results show that most of the cell modification must occur during 
the resting period, and suggest that none takes place during growth in 
the foreign sugar. To decide this matter an apparatus was constructed 
in which continuous logarithmic growth could be maintained. The 
population of a growing culture was maintained approximately constant 
by running out some of the culture and at the same time introducing 
new medium at an equal rate, a process achieved by a suitable device 
of inlet tubes and siphons. The initial inoculum was untrained to 
df-arabinose and was grown in glucose, to which in due course (^-arabinose 
was added in the flow system. At intervals samples were removed from 
the apparatus and tested in flf-arabinose in the usual way. The results 
showed that no power to use the latter sugar was acquired during the time 
of continuous growth in the mixed sugar. 

Another approach to the prob- - 

leih was made by determining Time of Continuous Lag of Test Sample in 
whether any of the rf-arabinose in . J^anthmic Growth d-arabinosc alone, 

a mixture was used by cells which (hr.). 

had not yet been adapted to use__ 

it alone. Cells were grown in 

media containing respectively (i) ° 

30 mg. /-arabinose, (2) 30 mg. 

/-arabinose and 30 mg. d-ara.- 

binose, (3) 30 mg. ^f-arabinose. 33 32 

With these concentrations the 56 36 

total supportable bacterial 72 48 

population is directly propor- 7 ^ 44 

tional to the amount of utilisable 33 

carbohydrate (the total supply 
being much smaller than that j 

normally used in the growth ex¬ 
periments, namely, 500 mg.). --- 

The total bacterial population, n„ of the culture tubes was determined 24 
hr. after the logarithmic growth pha.se had come to its end. For cells which 
had not been grown previously in t^-arabinose the value of was approxim¬ 
ately 1000 (arbitrary units) for glucose, /-arabinose and for the i/-/-arabinose 
mixture, showing that none of the (/-arabinose had been used in these 
conditions. In a corresponding time the (/-arabinose culture showed 
no growth. After a long waiting period this culture, as well as those in 
the mixed sugars, showed a further burst of growth. 

All the observations which have been described show^ that for the 


growth of the cells in (/-arabinose the essential requirement is a sufficient 
time of contact between the sugar and the non-growing culture, that is, 
that the phenomenon is primarily one of lag. What emerges clearly is 
that training does not depend upon the incorporation into the molecular 
structure of the cell of fragments derived from the attack on the new sugar 
of active intermediates in the normal growth process. Properly speaking 
the initial reluctance to utilise (/-arabinose depends simply upon the 
existence of an abnormally long lag which must be traversed in presence 
of the (/-arabinose itself and cannot be short-circuited. The true adaptation 
then occurs by the multiplication of the cells in the (/-arabinose, as a 
result of which they never again need to pass through the long lag. Second 
subcultures in the sugar always show normal lags.* • 

Three interpretations of the results seem possible. 

(1) In a given culture of the bacteria there exist a few cells of a special 
strain inherently capable of growing in (/-arabinose—which the majority 
are not. The lag period is simply the time required for these to multiply 
up to the threshold of detectable growth. 

(2) Whenever growth occurs, w'hether in presence of (/-arabinose or 
not, a few cells are thrown off which have become endowed by chance with 
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the pouer of utilising e/-arabinose. Even if once eliminated, they are 
reformed in small proportions by fresh divisions. As in (i) the lag is 
the time required for these special cells to attain a number comparable 
with the normal cells. 

(3) The cells in general are inherently capable of growth in if-arabinose, 
but the requisite enzyme mechanisms are in a dormant state corresponding 
precisely to that of aged cells in their normal medium (i.e. the necessary 
intermediates, growth factors and so on are not present). During the 
lag the necessary changes occur in the cells by reactions between their 
enzymes and the mediun., including the ti-arabinose itself. 

The first of these alternatives was eliminated in the following manner. 
Since the initial lag in rf-arabinose is very long, the number of special 
cells present must, according to the terms of the hypothesis, be very small.* 
If, therefore, the parent culture is plated out on agar, most of the colonies 
formed would grow from inactive cells and only very rare ones from cells 
of the active type. (Even the chance that a colony grows from two or 
three adhering cells would not affect this argument.) The experiment 
was made and ten colonies were taken off agar and transferred to bouillon, 
subcultured once in glucose after one day (at low concentrations, so that 
little glucose would be carried over with inocula), and then tested in the 
usual way. The various sub-strains derived in this way showed little 
spread, as the results in the following table reveal. 

TABLE 

Parent culture gave initial lag in ^-arabinose of 44 hr. Colonies removed after 
plating on agar and treated as described. Lags in. rf-arabinose (duplicate 
determinations). 


Colony. 

1 

2 

3 

4 

5 

6 

7 

8 

Lag (hr.) 

69, 59 

74 » 95 

73. 95 

87,87 

35 

33.48 

62, 178 

1 

! 161, 161 


From this may be concluded that each of the individual colonies, probably 
derived from single cells, or at most from a few cells, was more or less 
representative of the entire population in respect of its behaviour tow^ards 
arabinose. According to alternative (i) most of the sub-strains should 
have refused to grow at all in ^i-arabinose, and very occasional ones should 
have grown with no more lag than they showed in glucose, i.e. practically 
none.f 

The decision between alternatives (2) and (3) is more difficult. Con¬ 
sidering the problem as a whole and taking into account all the phenomena 

* The quantitative aspect of the theory of special cells has some points of 
interest. The inoculum contains about 2 x 10* cells, and the number of tf- 
arabinose-utilising cells would have, in the time of the apparent lag, L, to grow 
from an initial value «o something of this order for growth to recognised. 
Thus 2 X IQ® where k — o*693/t, and t is the mean generation time. 

There is no means of measuring the r in the “ lag ’* period, but if the value of 
75 min. corresponding to normal logarithmic growth is assumed, then to account 
for a lag of 100 hr., w© would work out at far less than one cell per culture tube, 
an impossible result. To make the theory of special cells fit the observed lags, 
a mean generation time of the order of 400 min. would have to be assumed. 

t The plating-out operations caused a general lengthening of the lag, and 
this result must be regarded as an influence of the cultural history on the be¬ 
haviour in tf-arabinose—a matter worthy of further study. The effect was shown 
to be due to the solid agar medium, passage through bouillon having no effect 
on the lag. Thus a parent culture showed a lag in ^-arabinose of 44 hr., and 
after passage through bouillon followed by dilute glucose, various derivative 
strains gave lags of 42, 42, 39, 39, 36 and 42 hr. respectively. Thus the bouillon 
passage by itself had little effect. 
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of training and adaptation, a good case can be made out for (3) rather 
than (2).* The general problem will not be debated here and the discussion 
will be confined to the particular example with which the experiments 
deal. The present results alone do not in themselves lead to an unam¬ 
biguous choice. 

If variants were continuously thrown off independently of the 
(i-arabinose, according to (2) one might have supposed that in the mixed 
medium they would have had a better chance of attaining a high propor¬ 
tion than in glucose alone. But in fact the growth rate of the “ variants 
in i^-arabinose is initially quite low (t = 75 min.), so that, on this ground, 
enrichment in the mixed medium would not occur. (The “ variants " 
grow in glucose at the same rate as normal cells, t — 33 min.). On the 
other hand, the assumption that during growth in any medium the 
proportion of the variants remains constant is a special one, which certainly 
does not help, even if it does not oppose the variant theory. 

On general grounds (3) is the most likely, and, if true, has several 
interesting consequences, relating to the general character of cell mechan¬ 
isms. In the first place, we may consider the lag phase in general. During 
this time the cells are in contact with the growth medium without apparent 
change. Actually, however, there must be important changes involving 
(a) the accumulation of necessary intermediates and (6) repair or modi¬ 
fication of the enzymes structures of the cell. Cells which are ready for 
immediate growth in glucose (the condition provided for in most of these 
experiments) are still unable to grow in <f-arabinose until they have been 
in contact with it for a long additional period. During this, special changes 
of the types (a) and (6) must occur to prepare the cell for the sequence of 
reactions involved in the growth in i^-arabinose. Now the experimental 
results show two things. First, since intervening periods of growth in 
glucose do not affect the total ti-arabinose lag, whereas diffusible inter¬ 
mediates would be lost and diluted in the subculturing process, it seems 
that the most important changes are those of type (b), that is, preparatory 
modifications of the cell enzymes by contact with the new sugar. Secondly, 
since growth in glucose does not reverse the partial preparation achieved 
during an interrupted lag period, it follows that once the cell pattern has 
been modified, that modified structure is reproduced by growth even in 
a medium not containing rf-arabinose. Thirdly, since the periods of active 
growth in other sugars do not count tow'ards the (i-arabinose “ apprentice¬ 
ship," even when the latter sugar is present throughout, it follows that 
the preparatory reactions of the lag are in abeyance during the period 
of active growth. 

This latter point is of some general interest, and has parallels of a rather 
important kind. There are clearly two sets of cell reactions, those of the 
lag phase and those of the logarithmic phase. The latter appear to 
inhibit the former. The state of affairs is expressed diagrammatically 
as follows : 

Sugar-► intermediate ■ > enzymes modified in 

preparation for growth 

(2) (growth) 

consumption of intermediate 

in growth reactions. ^ 

If the intermediate has two possible fates (i) and (2), then it is clear that 
the vigorous operation of (2) will keep its concentration very low and thereby 
inhibit (i). If, further, the arabinose intermediate is consumable in 
glucose-growth, then the observed facts are accounted for. 

Three important parallels may be adduced : (i) the Pasteur effect, 

* Hinshelwood, Chemical Kinetics of the Bacterial Cell (Oxford, 1946), cites 
references. 
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whereby oxidation reactions inhibit fermentation; (ii) the inhibition 
of nitrate reduction by Bact. lactis aerogenes when ammonium salts are 
provided as alternative sources of nitrogen ; and (iii) the inhibition of 
nitrate reduction by the same organism under certain conditions of 
aeration.'* ^ 

All these phenomena probably have the common explansCtioflLjhat 
they depend upon the changes in concentration of an intermedi^e^-Wnich 
is itself involved in more than one sequence of reactions. 

Summary. 

Bad. ladis aerogenes utilises rf-arabinose only after a lag of the order of Mays. 
Once growth has occurred the cells are adapted and subsequent lags are normal. 
It has been shown in several different ways that the essential condition for util¬ 
isation is that the resting cells .should remain in contact wuth the new sugar for 
a given total time, irrespective of interruptions by phases of growth in other 
media. Continuous grow'th in a mixture of <f-arabinose and another sugar pre¬ 
vents any utilisation of the former. Individual cells appear not to show much 
difference in their response to t/-arabinose. 

The results are discussed in relation to the problem of the nature of variants, 
and also in relation to some general aspects of the kinetics of cell reactions. 

^ Lewis and Hinshelwood (in press). 

Physical Chemistry Laboratory, 
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AN EXAMINATION OF THE ADSORPTION THEORY 
OF BRUNAUER, EMMETT, AND TELLER,* 
AND BRUNAUER, DEMING, DEMING AND 
TELLER.t 


By S. J. Gregg and J. Jacobs. 

Received igth February, 1947. As revised, gth July, 1947. 

The problem of formulating an equation for the adsorption isotherm 
has attracted a great deal of attention during the last 30 years. Almost 
invariably, however, the proposed solutions have been restricted in ap¬ 
plication to one type of isotherm in each case, and even then their success 
in reproducing experimental results has been but limited for the most 
part.^ Consequently, the combined theory of Brunauer, Emmett and 
Teller ^ and of Brunauer, Deming, Deming and Teller,® has excited much 
interest recently inasmuch as, on the basis of a single mechanism, it claims 
to derive equations representing 5 at least of the types of isotherm en¬ 
countered in practice. This interest is enhanced by the further claim 
that the differential heat of adsorption can be calculated from the iso¬ 
therm at a single temperature, for it is well known that the accurate 
determination of this quantity, either calorimetrically or by application 

* Abbreviated to BET. 

t Abbreviated to BDDT. 

* For a description of the various hypotheses, see (a) McBain, The Sorption 
of Gases by Solids (1932), p. 247 seq. ; (6) Brunauer, Physical Adsorption of Gases 
and Vapours (i 944 )» PP- 53-179- 

* Brunauer, Emmett and Teller, /. Amer. Chem. Soc., 1938, 60, 309. 

*“ Brunauer, Emmett and Teller,- ibid., 1938, 60, 315. 

® Brunauer, Deming, Deming and Teller, ibid., 1940, 6a, 1723. 

Brunauer, Deming, Deming and Teller, ibid., 1940, 6a, 1727. 
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of the Clausius-Clapeyron equation to isotherms at neighbouring tem¬ 
peratures, is beset by many difficulties. However, the theory is based 
on the fundamental, though tacit, assumption that interaction between 
adsorbate molecules in the adsorbed film is negligible in directions parallel 
to the adsorbent surface. This assumption has already been criticised 
by Cassell,^ on the grounds that it requires the completely built-up film 
to have a negative surface tension ; and since in any case the neglect of 
lateral interation would appear to be contradictory to accepted views 
on the nature of molecular forces, it is proposed to examine the theory 
both theoretically and by reference to experimental data to find how far 
its claims can be substantiated. 


The Basic Assumptions of the Theory.—Like Langmuir’s theory,* the 
BET-BDDT theory assumes that adsorption occurs on fixed adsorption sites ; it 
no longer restricts adsorption to a monolayer, however, but postulates that the 
film may, on an open surface, extend to an indefinite number of molecular layers. 
The mathematical treatment is based on the principle of microscopic reversi¬ 
bility : when a steady state has been reached, the rate of condensation of mole¬ 
cules from the gas space on to the empty sites is equated to the rate of evapora¬ 
tion from the first layer, so that 


• • ■ ■ (i) 

Here 6'o and 5^ are the surface areas (per unit quantity of adsorbent) covered 
with o and with i molecular layers respectively ; is the molar heat of adsorp¬ 
tion for molecules in the first layer ; aj is a condensation constant and an 
evaporation constant ; p is the pressure in the gas space. 

Similar equations can be written for the other layers : 


a^pSi — 6,5,e 

■ (*) 

a^ps^ -=^ . 

• (3) 

a^pS{^^ — b^Si 

• (4) 


By a summation process the total adsorption for the pressure p can be obtained. 
To carry out this summation, it is assumed (i) that the number of layers becomes 
infinite when p reaches Pq, the saturated vapour pressure of the pure liquid 
adsorbate ; (ii) that the heat of adsorption for all layers after the first is the 
same, and equal to A, the ordinary latent heat of condensation, so that = 

“ A ; this has the consequence that ^ ^ ^ and is equivalent to assuming 

O, O3 Of 

that the evaporation-condensation conditions in the second and subsequent 
layers are identical, and the same as those of the bulk liquid.! 

In this way, Brunauer, Emmett and Teller arrive at equation (A) 


p ^ ») t (A1 

where x is the adsorption per unit quantity of adsorbent at the pressure p ; 
Xq is the monolayer capacity, i.e. the amount of adsorbate (in the units of x) 
>vhich can be taken up in a completed monolayer ; c is, strictly, given by 


6j Of 

but for working purposes this is replaced by 

c == ^{E^~A)IRT ^ 
by introducing the simplifying assumption that 

- T 

6 ,-a, * ■ 

If now we put 


. (5) 
• ( 6 ) 
• 47 ) 


X 


= X, and ^ = P 


* Cassell, J. Chem. Physics, 1944, 

* Langmuir, J. Amer. Chem. Soc., 1918, 40, 1361. 

t A similar treatment had been proposed by Baly, Proc. Roy. Soc. A, 1937 * 
a6o, 465. 
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equation (A) becomes 


X - » 

t-P'i + {e-i)P 


(AO 


a form which is sometimes more convenient. 

The special case where adsorption is restricted to n molecular layers (e.g. 
by the pore diameter of the adsorbent) is also considered ; the summation process 
is now carried to n terms only, the film reaching the finite thickness of n mole¬ 
cular diameters when p = Pq. Equation (B) is thus obtained : 


cP I — (n -f i)P" -f wP*»+^ 
I — P ‘ I 4 - (c — i)P — 


(B) 


Equations (A) and (B) include isotherms of Types I, II and III of Fig. 4. Equa¬ 
tion (A) corresponds to Type III if c = i, and to the portion of Type II lying 
between P = 0*05 and P = 0*35 if c > i equation (B), with w — i, cor¬ 
responds to Type I, and with n > ca. 2 to the high pressure end of Type II. 
Bninauer, Deming, Deming and Teller * have put forward a modification of 
the theory, enabling it to embrace Type IV and V isotherms ; they thus arrive 
at rather complicated equations (D) and (E) which, however, both reduce to 
(A) at the low pressure end. 

Mathematical Properties of Equations (A) and (B).—Equation (A) or 
(A') may be transformed into 



X 

r -h (c - i)p 


( 8 ) 


so that the graph of X against P consists of the difference of the upper branches 



Fig. i«. I. Graph of equation, X = 1/(1 — P). 

II. Graph of equation, X x/{i — i)P} for c = 30. 
III. Graph of equation (8) for c = 30. 



Fig. I. —Graphs relevant to equation (8). Ordinates, X ; abscissae, P, 


of two rectangular hyperbolae ; the first, (I), is independent of c, has asymptotes 
X — o and P = i, and cuts the X axis at == i ; the second, (II), has asymptotes 
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X == o and P — ~ i/(c ~ i), and also cuts the X axis at X — i (see Fig. ia)» 
Since the parameter c plays such an important part in the theory, it is necessary 
to examine the dependence on c of the graph of (8) ; and to do this it is sufficient 
to examine the dependence on c of hyperbola (II) only, for hyperbola (I) is 
independent of c. 

The graphs of (I) and (II) for a typical value of c (= 30) are shown in Fig. la 
(full lines) together with the resultant graph of equation (8) (dotted line). The 
effect of increasing c is to cause the knee of the cuiye to become more and more 
sharp (Fig. 16), pushing it into the range of lower pressure ; it should be noted 
that the graphs of (8) are practically indistinguishable for values of c in excess 
of 10000 for P > 0*05. 



Fig. 2.—Graphs of X against P from equation (8), Ordinates, X ; 
abscissae, P. 

I. c = 10, n — 1. IV. c — 1000, n — 2. 

II. c — 1000, n = I. V. c ~ 10, n - 4. 

III. c = 10, n = 2. VI. c — 1000, n — 4. 

Curves of equation (B) have been plotted in Fig. 2, both for fixed c at a low 
value of n, and for two values of c with fixed w. Increase in c at constant n 
again tends to draw the curves towards the X axis—leading as with (A) to a 
sha^ bend in the curve—and again there is little variation for c > 1000. Rather 
similarly, an increase in n for constant c also draws the curves up so that they 
tend towards the form of (A). The agreement with the general form of (A) 
is particularly close at the lower values of P, where P” is negligible, as indeed 
the authors themselves have already pointed out. Thus for the two cases P 
small or n large, equation (B) approaches equation (A) ; for the range P = 0*05 
to 0*35, indeed, the curves for the two equations do not differ appreciably. 

Examination of the Theory. 

The validity of the assumptions of the theory will now be examined 
in a number of different ways : (i) by application of the Clausius-Clapeyron 
equation to equation (A) ; (ii) by testing equation (6) against experi¬ 
mental data ; (iii) by calculation of the integration constants for vapour 
pressure and for adsorption respectively; (iv) by general considerations. 
In (i), (ii) and (iii), equation (A) only will be subjected to the direct ex¬ 
amination ; but since the range studied is restricted to low pressures 
where (A), (B) and also (D) and (E) are nearly identical, the conclusions 
will apply equally to these last three equations. 

Calculation of the Heat of Adsorption by the Clausius-Glapeyrop 
Equation.— X simple thermodynamic test of the internal consistency of the 
theory is provided by comparing the heat of adsorption {XH) calculated by 
application of the Clausius-Clapeyron equation, with the value calculated 
from the constant c by means of equation (6). In so doing, it must be 
borne in mind that the BET-BDDT model expressly lays it down that 
adsorption shall occur in the first and in higher layers at the same time : 
when the total adsorption increases from x to (x 5 ;r), only a fraction, 
say f, of the increment Sx goes into the first layer with heat of adsorption 
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El cal. mole,“^ the remainder (i — r) going into higher layers with heat 
of adsorption A cal. mole.-^ Thus the “ BET heat of adsorption E' 
corresponding to the adsorption at is E' = rEi + (i — f)A, 

i.e. E' - A = r(Ei - A) . . . . (9) 

and E' should be equal to value AH calculated from the Clausius-Clapeyron 
equation. The theoretical value of r can be calculated from the BET 
model : let / be the ratio of the number of empty sites to the total number 
of sites when the relative pressure is P ; then fx^ is the adsorption capacity 
still vacant in the monolayer, and the increase in monolayer adsorption 
when P increases by dP is equal to the decrease — df. Xq in fx^. 




I + cP/(i - P) .^ 

as will readily be seen by reference to the BET analysis (ref.®, p. 312). 
Differentiating (10) we have 


-d/ = 


{I + {c 


so that the increase in monolayer adsorption resulting from the increase 
dP is 

+ 

The corresponding increase dx in total adsorption is found by differ¬ 
entiating equation (A) and is : 

= ^-[(nrpT^ + {I +V- 

Since r == - A’ — 

dx 

we have, on dividing (12) by (13), 


_ Xo.cdP l^r I — i) 1 

^ ~ {1 + (C - I)P}V'*'”L(I - P)» + {I + (c - I)pyj 

(I 

. 

Turning now to the Clausius-Clapeyron equation, assuming that the 
vapour obeys the perfect gas laws, and that the volume of the liquid is 
negligible compared with that of the vapour, we have 

= .... (15) 

dr pr® ^ 

where AH is the differential heat of adsorption at constant x, viz. the 
isoteric ” heat of adsorption for an adsorption x. By subtraction 

(■b In pip^\ AH-A , , 




(b In P\ 

\ bT )- 


£iH - X 
RT‘ 
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Now from equation (8) we have by simple differentiation 

(I - P)* 


/'d In P\ 

/'d lnc\ 

{ ar 



By equation (6) c — e(Ei-A)/Rr 

whence by differentiation we have 


{I + (c - i)P«) 


( 19 ) 

( 6 ) 


S Inc _ — A 

If 


( 20 ) 


because Pj and A vary so slightly with temperature that they may be taken 
as constants for small ranges of temperature. 

Substituting (20) into (19) we obtain 


/<) In P\ _ - A (I - P)» 

I iT ),~ RT‘ • {I + (c - i)P») 
and by equating the right-hand sides of {18) and (21) : 


(21) 


\ X (I - P)» 

. . . , (, 3 ) 

£, - A {I -f (c - i)P»} ' ' 

By comparing (22) and (9) it is seen that £' = A//, i.e. the heat of 
adsorption calculated by the BET method fulfils thermodynamic re¬ 
quirements as expressed in the Clausius-Clapeyron equation. Referring 
to equation (20) it will be seen, howev'er, that exactly the same results 
would bo obtained if c were defined as 


c = .... (23) 

where C is a constant independent of temperature, for C disappears on 
differentiating to obtain equation (20). Hence, assuming the BET model, 
the heat of adsorption could be given by 


(£1 - A) = RT In r - In C ; . . . (24) 

and whilst the value given by 

(£1 - A) = i?r In c (i.e. C - i), 

is not excluded, the thermodynamic argument does not support it as against 
the more general expression (24). 


Comparison of the Heat of Adsorption calculated from c with 
the Experimental Value. 

A useful test of the BET-BDDT theory is furnished by comparing the values 
of the heat of adsorption calculated from the adsorption isotherm by means of 
the theory, with the experimental value AH. Such a comparison has been carried 
out in Table I, which is based on the examination of a large number of published 
data. The value of AH has been taken wherever possible from the workers' 
own calorimetric measurements, otherwise it has been calculated by application 
of the Clausius-Clapeyron equation to the recorded isotherms at neighbouring 
temperatures. Actually, the number of suitable data is disappointingly small. 
On the calorimetric side the number of recorded determinations is not very 
large, and of those extant several have had to be rejected because the corre¬ 
sponding isotherm fails to give a reasonably linear plot of equation (A). And 
of the isosteric heats of adsorption many have also had to be rejected becaui^ 
they are so erratic ; for example, the value of AH calculated from the 25® and 
35°, and the 35° and 45", pairs of isotherms respectively have been found to differ 

50 % or more in several cases—a variation no doubt due to the presence of 
irreversible conditions, such as a change in the adsorbent itself during the progress 
of the experiment, or hysteresis effects, or both. 

The first step in calculating the heat of adsorption from the experimental 
isotherm is to plot plx(pQ - p) against pipQ (cf. equation (A)) ; the slope of 
the linear portion is then i jXf^ and the intercept is i jx^c, so that the value of c 
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can be calculated the value of then follows from equation (6). Ideally, 
the curve should be straight over the whole of its course, but in practice the 
linear portion is usually restricted to the range approximately 0*05 < plpo < 0’35» 
as Brunauer, Emmett and Teller themselves point out.* 

These workers ascribe this failure of equation (A) at low pressures to the 
non-uniformity of the adsorption potential over the surface of the adsorbent ; 
the derivation of the equation utilises the idealisation that the heat of adsorption 
is constant for all adsorption sites. If the surface is non-uniform, however, 
adsorption must occur preferentially on sites of high potential, so that in the 
region of low pressures Ei and c have higher values than elsewhere, and are more¬ 
over functions of x. According to this picture, the linear portion of the plot 
of equation (A) (and of (B)) corresponds to a condition where the more active 
parts of the surface are nearly all occupied, and the recruitment of molecules 
into the first layer is largely confined to the more uniform, though less active, 
parts of the surface. 

Strictly, of course, a linear plot demands an absolutely constant value of c 
and therefore of ; but in practice, as can be shown by simple approximate 
calculation, if E^ varies by an amount not exceeding some db 250 cal. mole.“^ 
from one part of the surface to another, the resultant plot of p Ix(pQ — p) against 
PlPo ''dl appear nearly straight. Within the limits of their model, Brunauer, 
Emmett and Teller *<* are therefore justified in regarding as “ the average 
heat of adsorption over the less active parts of the adsorbing surface.” 

To carry out correctly the comparison of the BET heat of adsorption with 
the experimental value, AH, it is essential, then, that the latter shall have been 
measured at an ;i?-value lying within the linear range of the plot of equation (A). 
In Table I the value of x actually chosen is x' — [x^ -f ^i)/2, where x^ and x^ 
are the adsorptions at the beginning and the end respectively, of this linear 
range. Moreover, the effect of the simultaneous adsorption into the first and 
into higher layers has been taken into account by use of the factor r as in equation 
g) . The quantities to be compared are therefore (AH — A) and r(Ei — A). In those 
cases where a better straight line is obtained when p/xpQ, instead of plx(pQ — />), 
is plotted against pipa the value r — 1 has been used : this plot corresponds to 
equation (B) with w = 1 and implies that adsorption is here restricted to the 
first layer. 

Examination of Table I .shows that there is a moderately good 
qualitative agreement between the theory and exjx*riment : a high value 



^ X I dX ^ ^ 

Ordmates, — n » abscissae. In P. 

X* a In H 

I. c = I ; II. c = II ; III. c = loi ; IV. c — 1001 ; V. c = loooii. 

of c, say > 250, usually corresponds to a large value of (AH ~ A), and a 
small c, say c = 5 to c = 20, to a small value of (AH — A). But the 
quantitative agreement is very variable ; in some cases the difference 
between the observed and calculated valdes (column 13) is no more than 
300-400 cal./mole, and therefore lies within probable experimental error; 
but in more than half the cases this difference exceeds 1000 cal./mole and 
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so is too large to be accounted for by experimental error. Furthermore, 
the difference is too irregular to be corrected by the inclusion of the RT In C 
term of equation (24) unless C be assumed to vary in an unpredictable 
manner from one case to another. 

The qualitative correspondence between c and (AH — A), already 
noted, is to be expected on general grounds : equation (A) can reproduce 
the general shape of any experimental isotherm having the form of Types 
I and II (Fig. 4) ; and in order to fit the equation to experimental curves 


I IT M 



Fig. 4.—Isotherms of types I-V, and corresponding compressibility curves. 

(a), (6), (c), (d) and (e), isotherms. Ordinates, X ; abscissae, P. 

(a'), (6'), (c'), (d') and (e'), compressibility curves. 

Ordinates jS' = {i IX^){dXjd In P) ; abscissae, In P. 

showing high adsorptions at low pressures, a high value of c has to be used 
(cf. Fig. lb). Now an essential part of any adsorption mechanism is 
the process of exchange of molecules between the adsorbed film and the 
outside gas ; and this process, together with its resultant equilibrium, 
must be controlled by the heat of adso^tion. The latter is involved,® 
in the expression for any kinetic mechanism, in the form Con¬ 

sequently, there must be a degree of correspondence between the heat of 
adsorption and any parameter which can express the dependence of ad¬ 
sorption on the relative pressure P. It is to the credit of the authors of 
the BET theory that they have succeeded in expressing this qualitative 
correspondence between the general shape of the isotherm and the heat 
of adsorption in so simple a mathematical manner, in terms of the para¬ 
meter c ; but in view of the results of Table I it is doubtful whether c 
can be used for the accurate quantitative determination of the heat of 
adsorption. 

The Integration Constants of the Vapour Pressure Equation 
and of the Adsorption Isostere. 

The validity of the BET assumption as to the near-identity of the 
multilayer and the bulk liquid will now be tested by consideration of 

•E.g. Frenkel, Z. Physik, 1924, 26, 117; Htlckel, Adsorption und Kapillar^ 
hondensation (1928), p. 159 ; Polanyi, Z. physik. Chem. A, 1928, 138, 460 ; 
Kar and Ganguli, Physik. Z., 1929, 30, 918 ; Fowler, Proc. Camb. Phil. Soc., 
1935. 260 ; Henry, Phil. Mag., 1938 (6), 44, 689. 
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the relation which it tacitly assumes between the integration constants 
of the vapour pressure equation and of the adsorption isotere respectively. 


By integrating the Clausius-Clape5n:on equation applied to vapour pressure, 
viz. : 




(15) 


■we obtain 


In po - 



(25) 


where I^ is an integration “ constant which remains constant in value for 
ranges of temperature small enough for A to be assumed constant ; the vapour 
is assumed to obey the perfect gas laws and the volume of liquid is taken as 
negligible compared with that of the vapour. 

Similarly, application of the Clausius-Clapeyron equation to adsorption, as 
already mentioned, gives 


/"d In p\ AH 

where p is the equilibrium pressure for the adsorption x ; 
have 


. (16) 

by integration we 


(In/)). - - 


AH 

RT 


4 - Ix 


(26) 


/, is also an integration ‘ ‘ constant '' which for a given x remains constant over 
small ranges of temperature, but is a function of x ; the equation is subject 
to limitations similar to those explained for (25). 

Subtracting (25) from (27) we obtain 


Now, according to equation (9) we can put 
(AH - A) = r{Ei - A), 

■ ■ ■ '"*> 

and since from equation (6) 


equation (28) becomes 


In c -- 


{E, A) 
RT 


(29) 


(In P)* = - r In c + (/, - 7 ^) 
where P is written for pjPo, as usual. 

By transforming equation (A') it is readily showm that 

(In P), - In c + In | . 


(30) 


(31) 


if c ^ 1. 

On comparing (30) and (31) it is seen that the BET assumptions are equivalent 
to the assertion that 


(I. - /jr) = - (I - f) In c - In -f J 

= y» say.(32) 

The validity of this assertion is tested in Table II, which is based oif 
the same collection of isotherms as Table I. has been obtained from 
the vapour pressure data for the liquid in question (the International 
Critical Tables often give data in the form log^op ^ A BIT, so that 

= 2*303^4) ; has been calculated by equation (26) for the same value 
of X, viz. x\ as that used in Table I; and for AH and Xq the same values have 
been used as those quoted in Table I. 
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The number of suitable data is again small; not only are the adsorption 
data scanty, as already explained, but it is frequently impossible to arrive 
at a reliable value of For example, if, as sometimes happens, the 
value of A calculated from the slope of the curve of logio/>o against i/T 

TABLE 11 . 


System. 

Temp. 

®c. 



(i-f) Inc. 


iL 

equation 

( 32 )) 



Ref. 

Charcoal—CaH^ 

0 

1574 

i6*88 

0 

-fi-58 

4-i*6i 

-1*14 

-2*73 

14 

Charcoal—SOj. 

0 

16*98 

17-98 

0 

+ 1*84 

+2*05 

— 1*00 

-3*05 

22 

Charcoal—(CaHjlaO . 

0 

2I*8o 

18*00 

0 

4-1*23 

4-1*23 

4-3*80 

-2*57 

23 

Silica gel—SO, 
Activated alumina— 

0 

19*07 

00 

! 1*33 

4-1*52 

4-0*19 

4-1*09 

4-0*90 

28 

CCI4 . 

25 

24*97 

18*70 

-3*36 

— 0*04 

-3*40 

4-6*27 

+9-67 

II 

Chabasite — NH 3 

0 

20*73 

17*90 

0 

4-2*21 

4-2*21 

4-2*83 

4-0*62 

29 


N.B .—For the values of Xq, x(— x'), AiZ, P, c and r used in compiling this Table, see Table I. 


differs markedly from the calorimetric latent heat, the corresponding 
value of 7 ^ is too uncertain to use. However, as far as they go the figures 
of Table II fail to support the theory ; as is seen from column g, the dis¬ 
agreement between ( 7 * — 7 ^) and y is considerable in several cases, and 
moreover shows no obvious regularity which would suggest some relation¬ 
ship other than equality, between the two quantities. 

The failure of 7 * and 7 ^ to show the inter-relationship demanded by 
the BET theory, must result from the incorrectness of the assumption 
that the multilayer differs inappreciably from the bulk liquid state; for, 
as Le Chatelicr pointed out, the integration constants for similar processes 
should lie close to one another. 

The Assumed Similarity of the Multilayer and of the Bulk Liquid. 

The assumption that the state of the multilayer differs inappreciably 
from that of the bulk liquid is open to criticism on a number of other 
grounds. In the first place it is incompatible with the BET-BDDT 
molecular model for adsorption itself, according to which the adsorbed 
material is in a highly patterned condition; not only are the molecules 
in the first layer adsorbed on fixed sites, but those in subsequent layers 
are attached on top of them.*® All interaction in directions parallel to 
the surface is ignored, the only attraction taken into account being that 
normal to the adsorbent surface.* This state of affairs is in marked con¬ 
trast with that in the interior of a liquid, where patterning, though not 
entirely absent, is extremely rudimentary (Bernal and Fowler,’ Stewart *), 
and where forces of attraction act symmetrically on any one molecule. 

In the second place, there is experimental evidence. It is known, 
for example, that an adsorbate vapour frequently fails to condense as a 
bulk liquid on to a solid surface when the vapour is saturated • or even 
supersaturated. 

♦ Since writing this paper there have come to our notice two papers by Hill 
(/. Chem. Physics, 1946, 14, 263, 441) in which attention is drawn to this limita¬ 
tion in the BET-BDDT theory. In the second of these papers, Hill has put 
forward a modified model in which the molecular interactions are taken into 
account in the first layer only, the higher layers being regarded as liquid-like. 
By statistical-mechanical reasoning he derives a more general isotherm which 
includes the BET isotherm as a special case on neglecting the term taking care 
of the interactions. 

’ Bernal and Fowler, /. Chem. Physics, 1933, L 5 i 5 - 

« SteWart, Trans. Faraday Soc., 1933, 19, 982. 

•Lambert and Foster, Proc. Roy. Soc, A, 1932, 134, 246. 
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Thus, outgassed alumina gel, exposed for 24 hr. to saturated CCI4 
vapour, adsorbs only a finite amount of CCI4, whereas if the multilayer 
were, at p = p^, identical with the bulk liquid, the vapour should distil 
on to it to an indefinitely large uptake.*^ The course of the isotherm 
in the neighbourhood of points to the same conclusion : the experimental 
investigation of this region is extremely difficult and is rarely attempted, 
but in certain cases at least, the isotherm does not approach asymp¬ 
totically, but runs into the line ^ = /?o at a finite angle. 

At first sight, the presence of the parameter p^ in the BET and BDDT 
equations, which are able to reproduce the general shape of certain types 
of isotherm over a reasonable range, lends support to the view that the 
adsorbed state is closely allied to that of the bulk liquid. It should be 
realised, however—as indeed pointed out by the authors themselves— 
that the validity of equation (A) is restricted to the approximate range 
PipQ = 0*05 to 0*35. In practice, the range of validity varies somewhat 
from case to case. Consequently, the replacement of ^0 the equation 
by an empirical quantity (constant), say q, differing from ^0 hy 50 % or 
less, still gives a linear range for equation (A) ; the only difference is that 
this range now lies between different fractions of />„. True, the new con¬ 
stant q will still be closely related to p^, and so will suggest some corre¬ 
spondence between adsorption and ordinary condensation ; but a loose 
correspondence of this kind is only to be expected, and in itself signifies 
no more than the fact that both processes involve the same kind of forces 
—van der Waals forces. 

It is to be doubted, therefore, whether pQ plays the fundamental part 
in the adsorption equation claimed by the authors, and the underlying 
hypothesis that the evaporation-condensation properties of the multi¬ 
layer and of the bulk liquid are nearly identical seems improbable. 

The Role of the Critical Temperature in Adsorption.—Owing to 
the presence of p^ in the fundamental equations (A) and (B) the appli¬ 
cation of the BET-BDDT theory is restricted to temperatures below 
the critical temperature of the adsorbate ; adsorption at temperatures 
above 2 \ would require either quite a different, at least a modified, 
formula, so that the isotherms for a given adsorbent-adsorbate would be 
expected to show some obvious difference above and below respectively. 
This point is not easy to test for isotherms of Types II, III, IV and V of 
the BDDT classification • (Fig. 4), as the great majority of experiments 
in the literature for these types have been carried out at temperatures 
below I'c ; but for Type I isotherms there are several instances in which 
measurements have been done on the same system at temperatures both 
above and below Tj, and these quite definitely fail to show any obvious 
change at Tf. For example, Titoff’s isotherms for CO* on charcoal 
at 0°, 30°, and 80“ c. belong to one family and there is no break in the 
family relationship at rc(= 32-1°). N ,0 at 0° and 40*3^ = 38-8°) 

similarly showed no obvious difference in type up to i atm. pressure ; 
McBain states that no special difference is noted when studying NjO 
and CaH4 above and below their critical temperatures,*’ yet both were 
studied up to pressures of 40-50 atm. where the isotherms become almost 
flat; the nitrous oxide isotherms of McBain and Britton at 20®, 45° 
and 67° c., for example, form a family with no noticeable difference above 
and below ; in general shape they do not differ from that of nitrogen 
at —77°, i.e. well above its critical temperature (T^ = — 146°). * 

Bangham and Saweris, Trans, Faraday Soc., 1938, 34, 554 ; Bangham and 
Mosallam, Proc. Roy. Soc. A, 1938, 165, 554. 

“ Gregg and Sing (unpublished work). 

^*e.g. Palmer, Proc. Roy. Soc. A, i937» 160, 250; Whipp, ibid., 1933, * 4 *» 228. 

Titoff, Z. physik. Chem., 1910, 74, 641. 

Gregg, J. Chem. Soc., 1927, 1494. 

McBain, ref. la, p. iii. 

’•McBain and Britton, J. Amer. Chem. Soc., 1930, 52, 2214. 
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Now the BET equation for Type I isotherms is 

X Xq * ‘ ‘ ‘ 

if c ^ I ; it represents a modification of the Langmuir isotherm : 

pip , V 

X~ bXa^ Xn . 

wherein the parameter cjp^ replaces h. But in view of the considerations 
just put forward it would seem that the original Langmuir equation (34) 
is preferable, for its applicability is not restricted to temperatures below T^. 
An additional weakness of equation (33) is that it arises in two quite 
different ways from the BET-BDDT mechanism, (a) as a limiting case 
of equation (A) when p<^ pQ and c ^1, in which case it should be valid 
only for the low pressure region ; {b) as a special case of (B) where n is 
limited to unity, e.g. by the width of the pores. In this case, it should 
remain valid over the whole range of the isotherm, from p — o to p = 00. 
Yet in cases where the experimental results are available for the low' 
pressure range only, there seems no way of deciding whether one is dealing 
with case (a) or case (b) ; though Brunauer seems to suggest that with 
charcoal, case {b) is common. 

The Effect of Phase Change in the Adsorbed Layer on Determination 
of Monolayer Capacity. —As already pointed out, the BET-BDDT theory 
ignores all interaction between the adsorbed molecules in directions parallel 
to the surface of the adsorbent ; according to many workers, however, not 
only is such interaction appreciable, but it may under appropriate conditions 
actually bring about “ two-dimensional phase transformations in the ad¬ 
sorbed layer. In a recent paper it has been shown that transformations 

of this kind can be detected by plotting i p ^ against In p or 

logio/>; the shape of the resulting curve is similar to that of the two- 
dimensional compressibility of the film plotted against its surface pressure tt. 
A first-order transformation within the film reveals itself as a peak in this 
curve, which becomes less and less sharp as the transformation becomes 
more and more diffuse ; and the inception of a multilayer is reflected as 
a rise in the curve of p' against In p, not followed by a falling branch. 

This method will now be applied to isotherms following equation (A) 
(Types II and III, Fig, 4). In Fig. 3 there are plotted the values of jS' 
(obtained by transformation and differentiation of equation (A)) against 
In pip a, for a series of values of c, viz. : i, ii, loi, 1001 and loooi. In 
each case (except c = i, which is Type III) the curve rises from a minimum 
very close to point Z, corresponding to A = i (x — Xq) indicating that 
at that point the monolayer is completed and the multilayer begins to 
form ; the form of the initial branch is typical of a monolayer “ gaseous ” 
(G) film which becomes increasingly compressed as p, and therefore tt, 
increases, up to a maximum compression at Z ; but with no transformation 
in the monolayer region. Thus, for isotherms of Type II, the “ phase 
transformation *’ method leads to the same value for the monolayer 
capacity as does the BET method. 

For isotherms of Type IV, on the other hand, the two methods dis¬ 
agree. According to the BET-BDDT theory the monolayer is completed 
near B; but the form of the p '—In p curve. Fig. (4^^) now signifies that the 


Brunauer, ref. 16, p. i66. 

Frenkel, Z. Physik, 1924, 26, 117 ; Cassell, Ergeb. exakt. Naturwiss., 1927, 

6, 114 ; J, Physic. Chem., 1944, 48, 195 ; Semenoff, Z. physik. Chem. B, 1930, 

7, 471 ; Bangham, Proc, Roy. Soc. A, 1932, 138, 162 ; 1934, 147, 153 ; Band, 
J. Chem. Physics, 1940, 8, 178 ; Langmuir, ibid., 1933, 1,3; Gregg, J. Chem. 
Soc., 1942. 696 ; Frumkin, Acta Physicochim., 1938, 9, 313 ; Harkins and Jura, 
J. Chem. Physics, 1944, I 3 , 112. 

Gregg and Maggs, Trans. Faraday Soc., 1948, 44, 123. 
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bend towards the p axis at B is due to a transformation (of diffuse first- 
order) within the monolayer, and that the monolayer is only completed 
near to point C. This interpretation is supported by the fact that in some, 
at least, of the very few cases of Type IV that have been experimentally 
extended to pressures near p^, the isotherm again turns upwards (see 
dotted lines, Fig. (4^^)); this last rise would appear to denote the beginning 
of the multilayer for it corresponds to a characteristic rise, with no falling 
branch, in the p '—In p curve. If, as in the BET-BDDT interpretation, 
the earlier upward sweep BC is ascribed to the building-up of the multi¬ 
layer, it is difficult to see how this second rise, CD, is to be explained.. 
Somewhat similarly for the Type V isotherm, the form of the P '—In p 
curve suggests that the branch YD is due to a transformation within the 
monolayer, not to the formation of a multilayer ; the monolayer is still 
incomplete at D, so that the monolayer capacity is somewhat in excess 
of the adsorption at D ; the BDDT treatment, on the other hand, gives a 
value in the region of Y. (For type V, c ^ i, so that must lie near the 
adsorption corresponding to pip^ ~ 0*5). 

Isotherms of Type I when plotted as P' against In p show the possible 
occurrence of a third-order transformation (sudden change in slope) near 
Z, but no multilayer formation—also found absent by the BET method. 
Actually both methods derive values of ;ro by what is essentially extra¬ 
polation, and these agree reasonably. 

Type III isotherms, according to the BET-BDDT treatment, obey 
equation (A) with c ^ i, and monolayer completion occurs at plp^ = 0*5, 
i.e. in the region of Z. The form of the compressibility curve indicates 
(Fig. 3^7, 46), however, that neither monolayer completion—nor indeed any 
transformation at all—occurs in isotherms which strictly obey this equation. 

It is thus seen that the BET-BDDT and the phase-change methods 
lead to values of the monolayer capacity in reasonable agreement for iso¬ 
therms of Types I and II, but which differ for Types III, IV and V. In 
applying the phase-change method to isotherms believed to be T5q>e II, 
it is essential to have measurements carried up to high pressures to ensure 
that they are not Type IV. 

Interpretation of the Adsorption Isotherm.—^The BET-BDDT and 
phase-change methods lead to fundamentally different views of the iso¬ 
therm. According to the former, every isotherm is in principle capable of 
representation by a single equation covering the whole range from zero 
pressure up to the saturated vapour pressure ; whereas according to the 
latter, if transformations occur in the film the adsorption isotherm is 
virtually split up into a number of separate parts, one for each film state; 
in such cases it is impossible to represent the whole isotherm by a single 
equation, but each part must be represented by its own distinct equation. 
Harkins and Jura have also emphasised this point. 

A rather strong argument for the phase-change theory as against that 
of BET-BDDT is the existence of adsorption hysteresis. The BET- 
BDDT theory in its original form is unable to account for the effect at 
all; it is true that Dietz has put forward a modification of the theory 
which attempts to account for the effect by assuming (somewhat arbit¬ 
rarily) that the heat of adsorption is smaller during adsorption than during 
desorption ; even so, the theory fails to reproduce the desorption branch 
even approximately. Once the possibility of phase changes in the ad¬ 
sorbed film is conceded, however, we have a natural explanation of 
hysteresis ; for, by analogy with the behaviour of bulk matter and of 
trough films, a time lag—suspended phase-transformation—is only to 
be expected as a frequent, though not inevitable, accompaniment of it. 
This lag would make itself manifest as a slow drift in the surface pressure 
and therefore in />, the gas pressure. 

Dietz, J. Res. Nat. Bur. Stand., 1945, 35, 303. 

Adam, Physics and Chemistry Of Surfaces (1941), 56. 
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Summary. 

The theory of Brunauer, Emmett and Teller (BET) and Brunauer, Deming, 
Deming and Teller (BDDT) has been examined. 

(1) The heat of adsorption calculated via the parameter c of the theory, 
is shown to be compatible with thermodynamic requirements as expressed in 
the Clausius-Clapeyron equation ; but the latter are equally compatible with 
a value E^ -I- RT In C (C = any constant). 

(2) £■, shows a moderate qualitative correspondence with the calorimetric 
or isosteric value, but close quantitative agreement is lacking. 

{3) The relationship which the theory implies between and the in¬ 
tegration constants of the vapour equation and the adsorption isostere respectively 
is not found to hold in practice. 

(4) Arguments are adduced against the assumption made by the theory that 
the evaporation-conden.sation conditions of the adsorbed multilayer differ in¬ 
appreciably from those of the bulk liquid. 

(5) The implicit assumption that the adsorption isotherms above and below 
the critical temperature of the adsorbate are markedly different, is shown to 
be improbable. 

(6) The values of the monolayer capacity derived from the theor>^ and from 
the “ phase-change ” method of Gregg and Maggs are compared. Only for 
isotherms of Type I and II of the BDDT classification, is agreement to be found. 

(7) According to the phase-change method, the adsorption isotherm cannot 
invariably be represented by a single equation as assumed by the BET-BDDT 
theory ; where phase changes occur, the isotherm is split up into separate parts, 
each following its own equation. 

(8) The BET-BDDT theory does not account for hysteresis, but the phase- 
change conception includes it as a natural consequence. 

*2 Gregg, J, Chem. Soc,, 1943, 351. 
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A FEEDBACK POTENTIOMETER FOR THE 
MEASUREMENT OF pH VALUES AND OXIDA- 
TION-REDUCTION POTENTIALS. 

By C. Morton. 

Received i^th August, 1947. 

The use of the thermionic valve in tbe determination of electrode 
potentials is due to Goode.^ The method consists essentially in applying 
the E.M.F. to be measured to the input terminals of a thermionic valve 
D.c. amplifier and reading the output voltage, which is assumed to be 
proportional to the applied voltage, on a suitably calibrated voltmeter 
connected in the output circuit. In its original form, Goode’s valve volt¬ 
meter suffered from the drawback that the calibration was dependent on 
the varying characteristics of the amplifier but, as a result of the intro¬ 
duction of negative feedback, errors due to this cause can now be greatly 

^ Goode, J, Amer. Chem. Soc., 1922, 44, 26 : 1925, 47, 2483. 
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reduced. The overall accuracy of a deflection instrument, however, cannot 
exceed that of the voltmeter which serves to indicate the output voltage ; 
this is of the order of dt 1 % of full-scale deflection for high-grade pointer 
instruments. 

In 1928 the author * introduced the thermionic valve potentiometer, 
the readings of which are independent of the characteristics of the amplifier. 
In common with other null devices, the method has the advantages that 
the instrument can be calibrated with any desired degree of accuracy and, 
unlike the valve voltmeter, retains its calibration unimpaired by age or 
overload. Unfortunately, as each measurement entails three adjustments, 
accuracy is gained at the expense of convenience ; nevertheless, the 
majority of the instruments described in recent years * have been of the 
potentiometric type. 

1. Basic Design of the Feedback Potentiometer. 

Hitherto, negative feedback appears to have been applied only to deflection 
instruments, although the writer * has made use of positive feedback to enhance 
the sensitivity of a potentiometric recorder. The basic design of the feedback 
potentiometer ® now described is illustrated in Fig. 1. 



The calibrated potentiometer i?, and standardising resistance R are con¬ 
nected in series across the output terminals of an amplifier A, and a Weston 
cell Eq and galvanometer G are similarly connected in series across R. \\Tien 
released, the double-pole, three-position switch SS rests in the mid-position, 
in which it disconnects the Weston cell from the circuit and short-circuits the 
galvanometer. In order to measure a potential £, (i) the switch is thrown to 
position 1, and the gain control of the amplifier (not shown in the diagram) is 
adjusted until the galvanometer is undeflected, {2) the switch is thrown to position 
2, and the movable contact on the potentiometer i?2 is adjusted until the 
galvanometer is again imdeflected. The reading of the potentiometer scale 
then gives the voltage E of the source of e.m.f. The measurement entails only 
two adjustments, the first of which requires repetition only at infrequent inter¬ 
vals, since the potentiometer and galvanometer currents are stabilised (as ex¬ 
plained in section 5) to an extent depending upon the gain of the amplifier. 

2 . Modifications Required for the Measurement of pH Values 
and Oxidation-reduction Potentials. 

In order to eliminate the tedious calculations entailed in the translation* 
of electrode potentials into pH units, it is convenient to modify the basic circuit 
of Fig. I in such a manner that the reading of the instrument gives directly the 

* Morton, Trans. Faraday Soc., 1928, 24, 5 ; J. Sci. Instr., 1932, 9, 289. 

® Britton, J. Sci. Instr., 1946, 23, 89; Britton, Hydrogen Ions, (Chapman 
and Hall, Ltd., 1942) ; Dole, the Glass Electrode (Chapman and Hall, Ltd., 1941). 

♦ Morton, J. Chem. Soc., 1932, 2469. 

®B.P. Application, No. 14889/45. 
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pn value of the solution in contact with the electrodes. This may be accom¬ 
plished (Fig. 2) by the addition of temperature-compensating and electrode- 
standardising networks; it is also necessary to replace the double-pole switch 



Fig. 2. 


of Fig. I, by a triple-pole three-position swdtch which, when released, returns 
automatically to the mid-position. 

The temperature-compensating network, the purpose of which is to provide 
automatic compensation for variations in the e.m.f. of the electrodes due to 
changes in the temperature of the solution in which they are immersed, com¬ 
prises the ohmic resistances and and the temperature-sensitive element r. 
The latter, which is immersed in the solution under investigation, consists of a 
thermistor, i.e. a bead of oxides approximately 0*05 in. in diameter, sealed in 
the drawn-out tip of a glass tube. The advantage of this form of resistance ther¬ 
mometer, which has a high negative temperature coefficient of resistance, over 
the more familiar type lies in its small dimensions and consequent low heat 
capacity, by virtue of which it responds almost instantaneously to temperature 
changes. The fact that it functions satisfactorily when only a few drops of 
solution are available makes it especially suitable for use in the investigation 
of biological fluids. The manner in which automatic temperature-compensation 
is effected is described more fully in section 5. 

The electrode-standardising network consists of the resistances and i?, 
and the uncalibrated potential divider R^, current being supplied to the network 
by a Weston cell Eq'. As the ohmic value of each of the resistances R^, R^, 
is at least i mQ the load imposed upon the cell is negligible. Within reasonable 
limits the e.m.f, of the cell is immaterial, and it may be inexpensively constructed 
from unpurified commercial materials. 

The purpose of the network is to permit of the superimposition of a positive 
or negative potential of approximately 500 mv. on the e.m.f. of the hydrogen-ion 
cell in order to compensate for changes in the potential of the latter due, e.g., 
to contamination of the electrode materials or to variations in the asymmetry 
potential when the glass electrode is employed. 

The indicator electrode, which may be a hydrogen, quinhydrone, or glass 
electrode, and the reference electrode (usually a calomel, or silver cliloride, 
electrode) arc connected to the terminals Tj and Tj respectively. The subse¬ 
quent adjustments are identical with those described in the preceding section, 
i.e. (i) the switch is thrown to position i, and the gain control of the amplifier 
is adjusted until the galvanometer is undeflected, (2) the switch is thrown to 
position 2, and the contact on i?, is adjusted until the galvanometer is again 
undefiected. Assuming that the electrode-standardising control R^ has been 
correctly pre-set and that the potentiometer Rj is suitably calibrated as described 
in sections 4 and 5, the potentiometer reading then gives directly the pH value 
of the solution in contact with the indicator electrode. 

It is advisable to check the adjustment of the electrode-standardising control 
R, occasionally in order to ensure that no change has taken place in the normal 
potentials of the electrodes. For this purpose the indicator electrode is put 
into contact with a buffer solution of known pH value. If, on completing ad¬ 
justment (2) above, an incorrect reading is obtained, R, is set to the correct pH 
value and i?3 is adjusted until the galvanometer is undeflected. Subsequent 
readings will in general be correct for at least 24 hr. when the glass electrode is 
employed, or for longer periods if the indicator electrode is a hydrogen or 
quinhydrone electrode. 

In the investigation of oxidation-reduction intensity, it is in general pre¬ 
ferable to express the state of oxidation-reduction balance in terms of the potential 
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J^H (on the so-called hydrogen scale) which is assumed by an unattackable elec¬ 
trode immersed in the solution, and the method by which such a measurement 
may be made with the aid of the apparatus illustrated schematically in Fig. i 
will be apparent from the preceding description. Clarke suggested that the 
unattackable electrode should be regarded as a hydrogen electrode in equilibrium 
with hydrogen gas at a hypothetical pressure P, and that the properties of the 
solution should be expressed in terms of ra — log i/P, the common logarithm 
of the reciprocal of the pressure of hydrogen gas at the electrode. The abuse 
of the symbol rn consequent upon a misunderstanding of its true meaning led 
him subsequently to recommend its discontinuance ; however, provided that 
discretion is exercised, definition of the state of oxidation-reduction balance in 
terms of a unit which is independent of the pn value of the solution has consider¬ 
able advantages. In order to measure the rn value of a solution, a glass electrode 
and an unattackable electrode, such as an unplatinised gold or platinum electrode, 
may be immersed in the solution and connections taken to the terminals Tj 
and T, respectively (Fig. 2). The electrode system is standardised as de¬ 
scribed above, but with the aid of a solution of Imown rn value instead of one 
of known pn value. For this purpose a freshly prepared solution made by shaking 
an acid buffer solution (such as a dilute solution of potassium hydrogen phthalate) 
for a few minutes with a little solid quinhydrono is suitable ; such a solution has 

rn — 24*2 at 18“ c. or fH — ° 2 . ^i ~. at Pc. On replacing the solution 

^ 0-099 (273 -f- 0 

of known rn value by the solution under investigation and carrying out the 
measurement as described above, the scale reading of the potentiometer i?,, 
when multiplied by a scale factor of 2, gives directly the rn value of the solution. 

3. Amplifier. 

Multi-stage amplifiers based on the ballistic or impulse type suggested by 
the author * have been used by workers in America and elsewhere ; ® in this 
country, however, single-valve amplifiers appear to be preferred on account 
of their greater reliability and stability. The choice of a suitable valve for use 
in the circuits of Fig. i and 2 presents some difficulty. 

From the instrument maker’s point of view it is undesirable that the re¬ 
sistance of the potentiometer slidewire should exceed 200 Q ; assuming that the 
customary voltage drop of 100 mv. along the slidewire is required, it follows 
that the minimum value of the potentiometer current is 500 /xa. Compara¬ 
tively few valves, even those of the electrometer type, are capable of delivering 
an anode current of this order whilst maintaining an adequate input resistance 
and low grid current. As Mulder and Razek ’ have pointed out, when the control 
grid is appreciably negative and the anode potential is raised sufficiently to 
produce an anode current in excess of about 100 grid current is due mainly 
to positive ions collected by the negative grid, and is sensibly proportional to 
the anode current ; in view of the fact that the positive ions attracted to the 
grid arise from collisions between the stream of electrons which constitutes 
the anode current and the neutral molecules present within the envelope, such 
a proportionality is to be expected. Tetrodes of the tj^pe in which the inner 
grid functions as a space-charge grid were found to give the most satisfactory 
results in the circuit of Fig. 2 ; examples of such valves are the recently-developed 
electrometer tetrode E1892, the Mullard PMiDG, and the Cossor 210DG. The 
space-charge grid h^ the property of reducing the internal resistance of the 
valve, thus making it possible to obtain adequate emission without raising the 
anode voltage appreciably above the ionisation potential of the residual gas in 
the envelope and also, by virtue of its positive charge, repels positive ions which 
would otherwise be attracted to the negative control grid. 

If grid current of the order of lo""^^ amp. can be tolerated, an indirectly- 
heated valve of the radio-frequency pentode or beam tetrode type, such as the 
KTW61M is satisfactory; the positively-charged screen, which in this type of 
valve is usually more or less closely interwoven with the control grid, appeals to 
play the same role in the repulsion of positive ions as does the space charge grid 
in the E1892. When using an indirectly-heated valve as an electrometer valve 
it is essential to reduce the filament current to about 70 % of the maker's rated 
value in order to reduce grid emission and the emission of photo-electrons 
which otherwise cause a very large increase in grid current ; as the anode current 

• Morton, J. Chem. Soc., 1931, 2977. 

’ Mulder and Razek, Rev. Sci. Instr., 1929, 18, 466. 
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under operating conditions is only about 5 % of the maker's rating, operation 
at a low cathode temperature is permissible. The valve may be triode-connected 
in order to reduce its internal resistance, or the screen grid may be used as the 
anode and the suppressor grid (if any) and normal anode connected to earth. 

4. Description of the Completed Instrument. 

By the incorporation of a simple switching device the circuits of Fig. i and 2 
may be combined in one instrument (Fig. 3). When the plug P, to which the 



Fig. 3. 

resistance thermometer r is connected, is inserted in the jack J, the circuit is 
transformed into that of Fig. 2 and may be used for the measurement of pH 
or fH as previously described. On removing the plug the temperature-compensat¬ 
ing network is disconnected from the circuit ; simultaneously, the electrode- 
standardising network becomes currentless and may be disregarded. The circuit 
thus becomes in effect identical with that of Fig. i, and may be used for the 
measurement of an e.m.f. in millivolts as described in section i. 

For reasons which are discussed in section 3, it was decided to use a single- 
stage amplifier in the instrument as finally constructed. Through the courtesy 
of the General Electric Company, the author was able to make use of proto¬ 
types of a new electrometer tetrode, the E1892. In this valve the control grid 
is connected to a cap at the upper end of the glass envelope, thus obviating the 
necessity for removing the valve base to improve the insulation resistance ; 
the remaining electrodes are joined to an international octal base, the con¬ 
nections to which (viewed from above) are shown in the figure. It was found 
essential to earth valve pins to which there are no internal connections, and 
also to shield the valve from light, since otherwise there was an appreciable 
increase in grid current. It was found convenient to supply the series-connected 
half-filaments with 50 ma. from a 6-volt source, the excess voltage being 
absorbed by the uncalibrated potential divider i?j, the resistance of which is 
64 Q. With an anode potential of 15 v., and control grid bias of — 1*4 v., the 
space charge or inner grid requires a positive potential of approximately 3*5 v. 
in order that an anode current of 500 /na. may be maintained. This space- 
charge grid voltage is conveniently obtained, by means of a movable contact 
on Ri, from the source of filament supply; i?i then constitutes a satisfactory 
gain control. The power consumption is only about 310 mw., permitting of the 
use of dry batteries of moderate capacity as the source of power; if it is pre¬ 
ferred to supply power from a.c. mains by means of rectifying and smoothing 
equipment, it is desirable that the transformer used should have constant-voltage 
characteristics. 

The potentiometer Rg consists of 26 coils of 200 Q each and a slidewire, 
also of 200 Q resistance, bearing 100 subdivisions. As the standardising 
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resistance R — 2036*6 Q, the i>otentiometer current is 500 /la. and the potentio¬ 
meter covers a range of 1400 mv. with subdivisions to i mv. ; when the plug is 
inserted in the jack, the corresponding ranges are 14 pn or 28 ni units, subdivided 
to 0*01 pH or 0*02 rii respectively. 

The instrument is operated as previously described, being used as the 
gain contiol. Under the operating conditions described above, the sensitivity 
is approximately O5/ua./v., input resistance \o^'^ ii, grid current 10amp., 
permitting of the measurement of an e.m.f, through an external circuit resistance 
of 10,000 Mi? with an accuracy of ± i mv. If the power is supplied from a.c. 
mains by means of a constant-voltage transformer and suitable rectifying and 
smoothing eejuipmont, a change of -li 10 % in mains voltage during the period 
occupied by the measurement introduces an error of less than J_ 1 mv. or i o*oi pH. 

5. Theory. 

( 1 ) Fundamental Theory of the Feedback Potentiometer.— The theory 
underlying the feedback ])()tentiometer is readily iindcr.stf)od from a con¬ 
sideration of the equivalent electrical circuit (Fig. 4), in which R„ represents 
the internal resistance of the output stage, 
is the sum c'f the resistance.s of the Weston 
cell F-o the galvanometer Cr, and f,, is the 
galvanometer current. Tlie (>ut])ut current i 
which is utilised as the potentiometer curnmt, 
is the algebraic sum of (a) a constant com¬ 
ponent inde])endent of the e.m.f. applied to 
the injnit circuit, (b) a variabh' component 
])roporlional ti> tlK' input potential c ; these 
components an* attributed in the diagram to 
the inclusion of a generator V of constant voltage and a sources of 
variabh' potential rc'SjX'ctively, fi being the gain of the amplifier. The 
application of Kirchhoft’s laws to the two networks gives 

V — fw - ir^ + • • • • (i) 

and Hq t„(r„ -| R) + iR . . . • (2) 

wdu^ro >'2 - Ra -f- Ri, -f- R. During the lirst adju.stment referred to in 
sections r and 2, tin* voltage drop across R is f<‘d back to the input circuit ; 
hence ef|n. (1) iiiay be written 

V — fjiiRz 

The elimination of i from eqn. (la) and (2) leads to an expression fer the 
galvanometer current : 

io =-■ [{r, + f.R,)E, - RV}/[(r, -f- + R) - R^]. . (3) 

1'he adjustment wall be completed (Iq — o) wdien ii'n/F — R/{y2 + 
that is, when the gain /x of the amplifier has been adjusted to the value 
^ {RV - r,E,)IR,Eo, 

During the second adjustment referred to in sections i and 2 the voltage 
E to be measured is connected, in series with the feedback potential 
derived from R2, across the input terminals of the instrument, and the 
sliding contact on the potentiometer is adjusted until the potentiometer 
current is restored to its former value, as evidenced by the fact that the 
galvanometer is again undeflected. If the resistance of that portion 
of /?2 which is now included in the feedback circuit is R^', when this 
adjustment is completed 

V — ii{iR\ + £) = ir, + iji. . . (4) ' 

From (la) and (4) it follows that 

E = i(R,^R\)^i.dR,; . . . (5) 

that is, the increment in feedback voltage, which can be read on the scale 
of the potentiometer, is equal to the applied voltage E. 

( 2 ) Sensitivity.—If, on the completion of the first adjustment referred 
to above, a voltage dE is applied to the input terminals of the instrument, 

21 



Fig. 4. 
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the potentiometer and galvanometer currents will assume new values 
t' and i\ respectively such that 

V ~ + /X. cL& = i'f 9 4 - i'oR . . • (6) 

and Eq ~ i'o(^o 4 “ -^) + • • • (?) 

whence 

i'o = [{rt + f^E,)Eo - 7 ?(K 4 /X . dE)]/[(r, f.R,)(r, + R) ~ R^] (8) 

From (8) and (3) 

di, = i. - i'o = M (s + 0 “ 

or du/dE = i/[R,(^ + i) + + i) - R}]- • ( 9 ) 

Eqn. (9) defines the voltage sensitivity diojdE of the instrument, 
that is, the change in galvanometer current for unit change in applied 
potential. If the amplifier has an even number of stages the feedback 
is positive, resulting in increased gain but decreased stability; as 

(5 approaches R in magnitude the sensitivity increases 

very greatly. Using a two-stage amplifier, a voltage sensitivity of 40 
ma./v. is readily obtained. 'Due to the increased dependence of the 
amplification upon the supply voltages, however, full advantage cannot 
be taken of the high degree of sensitivity thus obtainable unless all supply 
voltages are maintained constant within close limits. On the other hand, 
assuming that the amplifier comprises a single valve, or consists of an odd 
number of stages, the feedback is negative, leading to decreased sensitivity 
but increased stability ; when fi is sufficiently great, equation (9) becomes 

di„/dE =-- + i] ... (10) 

the galvanometer current and also the potentiometer current i being 
then independent of ^ and thus of the valve characteristics and supply 
voltages. If in addition R (a condition which may be satisfied by 
using a low-resistance galvanometer and an unsaturated Weston cell of 
low internal resistance) the equation reduces further to 

diJdE = i/i?9.(ii) 

( 3 ) Extension of the Theory to the Measurement pH Values and 
Oxidation-reduction Potentials.—The e.m.f. of a hydrogen-ion cell com¬ 
posed of an indicator electrode (a hydrogen, quinhydrone or glass electrode) 
of normal potential Bq and a reference electrode of constant potential E^, 
such as a calomel or silver chloride electrode, is 

E = K o-oooiqSr . pH, . . . (12) 

where T is the absolute temperature of the solution in contact with the 
indicator electrode and K == Bq — E^ is a. constant for a given electrode 
system. The value of K may differ both in magnitude and sign for different 
combinations of electrodes, and is also affected, when the glass electrode 
is employed, by variations in the so-called asymmetry potential. From 
the form of eqn. (12) it is clear that, in order to adapt the instrument for 
use as a direct-reading pH meter, temperature-compensating and electrode 
standardising networks must be incorporated in the circuit. 

The former network (Fig. 2) consists of the series combination of the 
temperature-sensitive element r (immersed in the solution under investiga¬ 
tion) the ohmic resistance rj and the potentiometer R^, shunted by the 
ohmic resistance R^, The potentiometer i?, is subdivided into b main 
sections, each representing one pH unit and having a resistance of R^/b 
ohms ; these main sections may be further subdivided, by means of a 
slidewire, to any desired degree. The output current i on entering the 
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network divides into currents tj and flowing through the series com¬ 
bination Rf, r, fi and the shunt respectively. As the temperature of 
the solution rises the resistance of the thermistor r decreases, with the 
result that increases at the expense of i g, causing the voltage drop across 
the potentiometer i?, to increase. The values of the resistances in the 
network are so proportioned that the voltage drop across each main section 
of the potentiometer, representing one pii unit, is o-oooigST volt within 
the range throughout which the resistance of the thermistor is a linear 
function of its temperature. If, at a solution temperature T', the values 
of r, ii and tg become r\ ii and respectively, the ohmic values of 
and 7^4 required to satisfy this condition may be deduced from the 
relationships : 

= O’OooigSTbjR^ . . . (13) 

i\ = 0-000198 7 '' 6 /jR a .... (14) 

.(15) 

i\^i — i\ .(16) 

ii( 7 ?a -f y 4- Yi) = .... (17) 

^1(^2 4 " 4 ~ ^1) — '^\R* • • • 

From these equations we obtain : 

= [izi'iiRi 4 - O - ^Vi(^2 -f - i^i\) . (19) 

Ri = h(^ 4 -^ 4 - Ri)li2 .(20) 

where 74, i'l, i^, i'% are defined by eqn. (13), (14), (15) and (16) respectively. 

When /^a = 2800^3, b = 14, i — 500 pta., T — 20° c. = 293° k., T' = 30° c. 
~ 303° K., eqn. (19) and {20) reduce to 

Yi = ii*59r — I2*59r' — 2800 . . . (19a) 

and i?4 =: 3882-5 4- 1-387 (y + y^) . . . (20a) 

respectively. For example, if the resistance of the thermistor isY = 2000 Q 
at 20° c. and y' = 1500 Q at 30"^ c., the appropriate values of Yi and i?4, 
as calculated by means of eqn. (iga) and (20a), are 1495 and 8730^ 
respectively. 

At the completion of either of the adjustments referred to in section 2, 
the potential of the terminal (Fig. 2) with respect to earth is zero. By 
eqn. (12) the hydrogen-ion cell impresses an e.m.f. of K — o-oooiqST. pH 
volt upon this terminal and an additional potential oi — K volts is super¬ 
imposed upon this by the electrode-standardising network ; it follows 
that the P.D. between the contact on i?g and earth is 4 - o-oooi98r , pH 
volt. In other words, the reading of the potentiometer scale gives 
directly the pH value of the solution. 

The E.M.F. of an oxidation-reduction cell composed of a glass electrode 
and an unattackable electrode is 

E={eQ— o-oooig8T,pH)—0'Oooig8T{o-5YH—pH)=^efi—0'OoooggTrH (21) 
and is independent of the pH value of the solution. From a comparison 
of eqn. (21) and (12) it is clear that, on the completion of the adjustments 
described in section 2, the reading of i?*, when multiplied by a scale factor 
of 2, gives directly the yh value of the solution under examination. 

The author is indebted to the Royal Society for a Government Grant. 

Summary. 

A description is given of a thermionic valve feedback potentiometer for the 
determination of pH values and oxidation-reduction potentials. The instrument 
has the advantage over pn meters of the deflection type that it may be calibrated 
in pH units or in millivolts with any desired degree of accuracy, the calibration 
being permanent and independent of the characteristics of the amplifier. The 
feedback potentiometer differs from the potentiometric pH meters previously 
described in the following respects, (i) The measurement entails only two 
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adjustments. (2) If the feedback from the potentiometer is negative, these 
adjustments are stabilised to such a degree that a variation of ± 10 % in the 
supply voltage during the time occupied by the measurement introduces an 
error of less than ih 1 niv. or i o*oi pH ; on the other hand, when positive 
feedback is employed, high voltage sensitivity (of the order of 40 nia./v.) is 
obtained at the cost of decreased stability. (3) Automatic compensation for 
variations in the e.m.f. of the electrodes due to changes in the temperature of 
the solution is provided by means of a thermistor (a bead of oxides 0*05 in. 
in diam.) immersed in the solution ; due to its small dimensions and low heat 
capacity, this element responds almost instantaneously to temperature changes 
and is capable of use when only a few' drops of solution are available. 


Chelsea Polytechnic, 

London, wSM^.3. 


THE DETERMINATION OF FLAME SPEEDS IN 
GASEOUS MIXTURES. 

By S. Sherratt and J. W. Linnett. 

Received 21st August, 1947. 

The majority of the determinations of the movement of flame have 
been carried out under conditions where it has not been possible to assess 
the movement of the gases. These results an* of little academic value. 
For academic considerations we wish to know the movement of the flame 
relative to the unburnt gas (often called the burning velocity), and not 
relative to an object external to the gaseous system. Measurements of 
such burning velocities are of three types : (i) measurement of flame 

movement in a spherical bomb as carried out by Fiock and others ; ^ 
(2) measurement of flame movement in an explosive mixture originally 
contained in a soap bubble—cf. Stevens ; * (3) measurement of the shape 
of the luminous inner cone of the flame on a Bunsen type burner. The 
last method is our subject for study in the present paper. It will bo found 
that, from our investigations, we are also able to make certain conclusions 
regarding the flame region, or flame front, that is observed on the Bunsen 
burner. 

The use of Bunsen flames in the measurement of burning velocities 
depends on the assumption that the flame is stationary in space because 
the burning velocity is exactly balanced by the movement of the gas. 
This means that the gas velocity resolved along a direction normal to the 
flame front must equal the burning velocity. If the angle between the 
Bunsen cone and the flow lines is 0 then, at any point, we have 

— L sin 0 . . . . • (i) 

where B and L are the burning velocity and the velocity of gas movement 
respectively at that point. 

Calculations of the shape of the flame cone were made by Michelson * 
who made the following simplifying assumptions : 

(i) the gas velocity varies in a parabolic manner across the tube 
(streamdined flow) ; 

^ Fiock, Marvin, Caldwell and Boeder, Nat. Adv. Comm. Aero. Tech. Report, 
No. 682, 1939. 

* Stevens, J. Amer. Chem. Soc., 1926, 48, 1896 ; 1928, 50, 3244. 

•Michelson, Wiedemanns Annalen, 1889, 37. See also Mache, Die Physih 
der Verbrennungserscheinungen (Leipzig, 1918). 



S. SHERRATT AND J. W. LINNETT 597 

(ii) the boundary between burned and unbumed gas is a surface, 

the change being instantaneous ; 

(iii) the burning velocity is constant over the whole surface ; 

(iv) the movement of the gas is parallel to the axis of the tube right 

up to the flame surface. 

The observed shape differed radically from that calculated by Michelson 
in two particulars. In the first place the cone of the Bunsen flame is 
rounded at the tip whereas the Michelson hypotheses predicted that it 
should be pointed. In the second, the visible flame has a greater diameter 
at the base than the diameter of the orifice. The Michelson hypotheses 
were really unable to predict the form of the base of the flame. The first 
difference between theory and experiment is due mainly to the failure 
of (lii) because the rounding at the tip proves that the burning velocity 
there is greater than that over the rest of the cone. This increase in 
velocity towards the apex has been demonstrated by Lewis and von Elbe. 
The second difference between theory and experiment is due to the failure 
of (iv) for Lewis and von Elbe have shown that the gas-flow lines bend 
away from the axis before the flame cone is reached.* Besides these two 
departures, (ii) cannot be regarded as a satisfactory assumption because 
the flame zone certainly has a definite thickness and consists of a succession 
of different zones which merge into and overlap one another. We will 
discuss this later. The only assumption of Michelson that can be ac¬ 
cepted with only very minor reservations (providing that the conditions 
are such as to avoid turbulence) is (i). 

Before describing our experimental method we will summarise briefly 
the ways in which other workers have used observations on Bunsen cones 
to determine burning velocities. Gouy,® finding that the Bunsen cone 
differed from the geometric cone, projected the image of the flame on to 
a screen and estimated the area of the flame cone. He divided this into 
the volume flow rate and so obtained the average burning velocity. Such 
a measurement would have given the required velocity if there had been 
no expansion of the gases before the luminous flame front was reached. 
That is, however, an unjustifiable assumption since Lewis and von Elbe 
have shown that there is expansion before this flame front is reached. 
Garside, Forsyth and Townend ® used a somewhat similar method to that 
of Gouy taking great care over the measurement of the flame area. 

Stevens ’ determined the slope of the cone at 0*707/? from the axis 
(/? is the internal radius of the burner tube) because, if the gas flow is 
streamlined, it is at this distance from the axis that the gas velocity is 
the same as the mean velocity of floAv. He then constructed a geometric 
cone which had sides parallel to the tangent to the flame cone at 0*707/? 
and having as its circular base the cross-section of the burner tube. To 
obtain the burning velocity he divided the area of this cone into the 
volume-flow rate of the gas. However, Stevens, like Gouy, omitted to 
make any allowance for lateral expansion of the gases before they reach 
the luminous cone, A number of other workers have expressed burning vel¬ 
ocity as volume-flow rate divided by the area of the flame cone. Of these, 
some use the actual integrated area while some use a hypothetical cone as 
Stevens did. Smith and Pickering ® measured the angle the flame cone made 
with the axis at 0*707/? from the axis and expressed the burning velocity as 

B = L« sin a.(2)* 

where La is the average linear flow rate and a is the angle the cone makes 
with the axis at 0*707/? from the axis. This method fails to allow for the 

* Lewis and von Elbe, J. Chem. Physics, 1943, 11, 75. 

* Gouy, Ann. Chim. phys., 1879, 18, 27. 

* Garside, Forsyth and Townend, J. Inst. Fuel, 1945, 18, 175. 

’ Stevens, Nat. Adv. Comm. Aero. Tech. Report, No. 305, 1929. 

* Smith and Pickering, J. Res. Nat. Bur. Stand., 1936, 17, 7. 

21 * 
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fact that the flow lines of the gas cease to be parallel to the axis of the 
tube before the flame cone is reached. 

Lewis and von Elbe,* by putting light magnesium oxide powder into 
the flame and photographing it with transverse illumination, were able 
to trace the gas-flow lines through the flame. A rectangular burner tube 
was used. From the photographs they constructed diagrams such as 
Fig. I. The cone used is the inner border of the luminous zone of o*2-o*3 
mm. thickness. It will be seen that the flow 
lines depart from the vertical—presumably 
because the gases have expanded as a result of 
a rise in temperature. From such a diagram, 
the length a of the cone from the tip to the 
intersection of any registered flow line originating 
at radius y at the orifice was determined. From 
the plot of a against y, the gradient dal dr was 
obtained for any value of r. The burning vel¬ 
ocity was then found at various parts of the 
cone using the equation of continuity : 

Bda = L^dr 

where L, is the velocity of the unburned gas in 
a filament of width dr at r from the centre of the 
orifice and da is the width of the same filament 
as it enters the luminous zone. The merits of 
this procedure will be discussed later along with 
our own results. But we must stress at this 
stage that Lewis and von Elbe found that their 
method showed that the burning velocity over 
ing the *flow-hnes"an^^ majority of the cone was a constant for a 
luminous cone obtain- given mixture, but that it was greater at the 
ed by Lewis and von centre and less near the base and walls of the 
Elbe together with the tube. So that their experimeilts showed that 
measurements that assumptions (iii) and (iv) of Miclielson were un- 
they made. satisfactory. 

The present paper describes some experiments that have been carried 
out on the flame at the top of a cylindrical burner. The cones were 
studied by using a bright source of light to throw a shadow of the flame 
on to light-sensitive paper. This shadow cone has been used for the 
determination of burning velocities. 



Fig. I. —A diagram show- 


Experimental. 

(a) Direct and Shadow Photographs of Flames.—In our experiments a coal 
gas-air mixture was used. The flow rates of both gases were measured by passing 
through previously calibrated flow-meters which measured the pressure drop 
across a capillary tube. The gas pressures on the high-pressure side of the 
flow-meters were maintained by “ blow-offs " and pressure fluctuations were 
evened out by having several large bottles between the blow-offs and the flow¬ 
meters. The gases were brought together at a smoothly blown Y-tube and mixed 
in a mixer through which the gases had to flow in a turbulent manner. From 
this they passed to a litre bottle so that any pressure fluctuations were evened 
out, and from there, by wide bore tubing, to the bottom of the burner tube. 
This was a straight smooth iron cylindrical tube, no cm. long and 1*05 cm. 
internal diam., which was fitted with a metal water-jacket. This extended to 
2 mm. from the top of the tube so that it would not be heated by the flame. The 
temperature of the water leaving the top of the jacket was measured. It is 
essential to use a burner tube at least i m. long so that the gas flow will be stream¬ 
lined by the time it issues into the flame (cf. Lewis and von Elbe). The burner 
tube was set vertical by using a plumb line. The flame was enclosed in a glass¬ 
sided rectangular chinmey to protect it from draughts. 

Arrangements were made for taking both direct and shadow photographs 
of the flame. For direct photographs the image of the flame was thrown on to 
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a piece of photographic paper by a lens of focal length 17*5 cm. for about 15 min. 
A two-fold magnification was used. When such a photograph was taken there 
w’as no means of deciding the position of the burner relative to the flame. There¬ 
fore, immediately the photograph had been taken (without moving the paper) 
the flame was extinguished and a metal sheet was placed with its straight edge 
resting firmly on top of the burner and a light was placed on the opposite side 
of the burner from the photographic paper. The same paper on which the flame 
had been photographed was then exposed again. This meant that the shadows 
of the sides of the burner tube were thrown on the paper and the top was defined 
by the shadow of the metal edge which was resting on the top of the burner. 
The magnification was calculated from these photographs and the external 
diameter of the tube. By this procedure the burner tube could be drawn on 
to the picture in the correct position relative to the flame. An example of a 
photograph taken in this way is shown in Fig. 2. 

For shadow photographs, a pin-hole in a copper sheet was illuminated by 
the light from a 500 c.i*. Pointolite lamp. The flame was placed about 70-80 cm. 
from the pin-hole and the photographic paper about 80 cm. beyond, so that the 
magnification was about two-fold. The exposures required were 30-60 sec. 
A photograph obtained by this means is shown in Fig. 3. Because of the de¬ 
flection of the light by the hot gases round the top of the burner, the shadow 
of the very top of the burner tube cannot be seen. Therefore, in order to locate 
the burner on the shadow photograph a separate picture was taken with the 
same arrangement but with the flame extinguished. Moreover from the size 
of the shadow of the burner in this photograph and the known external diameter 
of the burner tube, the magnification was calculated. 

(6) Photographs of Flames Carrying Powder.—Before considering the 
results obtained using the above types of photographs another set of experiments 
will be described. These resemble closely the experiments of Lewis and von Elbe 
m which they used a light powder for tracing the flow-lines in the gases. In 
our experiments we illuminated a region above the top of the burner from both 
hides with the light from two Pointolite lamps (one each side) focused by two 
lenses. The light was restricted by two vertical slits (width ca. i mm.) placed 
diagonally on opposite sides of the burner. A plan of the arrangement is showm 
in Fig. 4. The region above the top of the burner was photographed from a 


l,S. 
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Fig. 4. —The experimental arrangement for taking a powder photograph. 
P -- l^ointolite lamp ; L ~ lens ; C = camera ; S = slit; D.B. — dark 
background ; L.S. := light shield ; F = flame. 

direction at right-angles to the line joining the two Pointolite lamps by a Kodak 
f/6*3 camera combined with a second lens. The powder consisted of MgO which 
was placed at the bottom of the U-tube joined to the burner tube. By tapping 
this U-tube, which was joined flexibly to the burner tube by rubber tubing, the 
powder was introduced into the gas stream without disturbing the flow . The 
magnesium oxide, which had to contain very little sodium, was prepared jp 
the following way. An ammoniacal aqueous-alcoholic solution of (NH4),C08 
was added to an aqueous-alcoholic solution of MgS04. The crystalline pre¬ 
cipitate of the double carbonate of magnesium and ammonium was filtered off 
and washed with (NH4)jCO, solution until a sample of the solid on a Ni wire 
gave only a faint yellow colour to a flame in which it was placed. The precipitate 
was then dried, ignited to MgO and stored in a desiccator. The powder was 
sieved before use to remove coarse particles. A photograph of the flame in which 
this powder was being carried was made with an exposure of 1/25 sec. 



6 oo DETERMINATION OF FLAME SPEEDS 

(c) Gases at Different Initial Temperatures. —Shadow photographs of 
flames were taken using a gas mixture of one composition but with the water-jacket 
at different temperatures. The experiments were carried out in the same way 
as in series (a) but the water that was passed through the jacket of the burner 
tube was pre-heated to ca. 50° and ca. 90° c. The temperature of the water was 
measured as it left the top of the jacket. A thermometer placed in the air 
leaving the burner tube in a blank experiment showed that the water jacket 
was long enough to set up temperature equilibrium between the air and the 
jacket. 


Results. 


In the first place a comparison of the direct and shadow photographs 
of a Bunsen flame was made. To do this, direct and shadow photographs of 
the same flame were taken with the same magnification. However, before making 
this comparison we must consider how the shadow photograph is produced 
and the reason for the light and dark regions on it. The diagram in Fig. 6 is 



Fig. 6.—A diagram showing how the 
shadow photograph is produced. 
P == point source of light; F — flame; 
S — screen or film. 


Fig. 7. —Diagram .showing the 
relative positions of the cones 
seen on the direct (D) and 
shadow (S) photographs. 



a horizontal section of the arrangement drawn very diagrammatically. The 
two circles in Fig. 6 represent the inner and outer edges of the flame region. 
Between these the gases are at high pressure and temperature, have a different 
composition, and have a different refractive index fruin the rest of the air anti 
gases. The result of this different refractive index is that rays of light entering 
and leaving this region are bent. For instance, a ray of light // is first bent 
inwards and then back to its original direction. A ray gg which does not pass 
into the inner region of unburnt gas emerges from the flame in a direction different 
from its original one. The ray hh is not bent at all. The result is that a shadow 
of the flame zone is cast on to the photographic paper since all the light that 
would have reached that part is refracted away. On the photograph, Fig. 3, 
this appears white. Also because the rays ff and gg fall on the same area the 
region inside receives double the amount of light and appears black on the 
photograph. The line separating the white and doubly-intense black regions 
of the photograph in Fig. 3 is surprisingly .sharp and this line may be considered 
to indicate the place where there is a sudden rise in temperature and pressure. 
It is the beginning of the first of the succession of zones that constitute the flame. 

Now we will compare the direct and shadow photographs of the flame. 
Fig. 7 makes the comparison, showing the line separating the dark and light 
regions on the shadow photograph and the edge of the luminous region on the 
direct photograph. The former is much more sharply defined than the latter. 
It may be noted that the line used in Fig. 7 to represent the flame cone on our 
direct photographs is the outer border of the luminous zone, whereas Lewis and 
von Elbe investigated the inner border. The luminous zone is ca. J mm. thick. 
It will be seen that the shadow-photograph line is well within the luminous 
region of the flame which is consistent with the view that the shadow-photo¬ 
graph line marks the beginning of the flame region. We conclude that the emis¬ 
sion of light occurs at a late stage in the sequence of events. The distance 
between the lines on the direct and shadow photographs is ca. 1 mm. (allowing 
for magnification). This corresponds to a time of the order of io~® sec. That 
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the emission of light is separated by a distance of the order of i mm. from the 
start of the flame zone is perhaps surprising as several workers have concluded 
that the reaction zone of the flame is ca. o*i mm. thick. It is possible that 
the “ reaction ” zone is as narrow as that, but that the chemiluminescence is 
delayed. 

Having come to these conclusions regarding the direct and shadow photo¬ 
graphs, it is now important to know how the gases flow up and through the 
reaction zone. To discover this the powder photographs (cf. Fig. 4) were taken. 
It is found that the powder tracks bend away from the vertical before the 
luminous cone is reached. This confirms the result already obtained by Lewis 
^nd von Elbe. However, if a shadow photograph of the same flame is taken and 
the line on this photograph drawn on to the powder photograph, it is found that 
the flow-lines depart from the vertical when they are past this line. That is, 
the flow-lines are .still parallel to the axis of the burner tube when they enter 
the reaction zone, as defined by this line on the shadow photograph. They begin 
to depart noticeably from the vertical when they are about a third of the distance 
between the beginning of the reaction zone and the luminous zone. The state 
of afiairs is shown diagrammatically in Fig. 8. This is an extremely important 




Fig. 8.—Diagram showing the flow¬ 
lines indicated by the powder 
photograph together with the 
positions of the cones seen on 
the direct and shadow photo¬ 
graphs—see Fig. 7. 


Fig. 9.—A diagram showing how the 
shadow photograph w’as marked 
to enable the h and d measure¬ 
ments to be made. 


observation from the point of view of using the shadow photographs for the 
determination of burning velocities because it means that, if w^e measure the 
angle which the shadow cone makes with the vertical, we are measuring the 
angle which the line marking the start of the flame region makes with the 
direction in which the unburned gases are flowing. Also, the fact that the 
lines have not so far deviated from their original direction makes it certain that 
no lateral expansion has occurred. On the basis of the above arguments we 
therefore concluded that determining the shape of the shadow cone (as defined 
by the line separating the dark and light regions on the shadow photograph) 
provided a satisfactory means of determining burning velocities. This method 
is much simpler and less laborious than the method of Lewis and von Elbe since 
it is not necessary to take and measure the illuminated powder photograph each 
time—an experimental procedure which is difficult to carry out. The taking 
of the shadow photograph, on the other hand, proves to be relatively straight¬ 
forward. • 

Our procedure in measuring the cones on the shadow photographs was the 
following. The photograph was marked out in Indian ink in the manner .shown 
diagrammatically in Fig. 9. The distance between the cross lines (using one 
side) marked up the axial line were then measured with a travelling microscope. 
After this the picture was rotated through 90® and the width of the cone at each 
cross-line was measured. These measurements of the width of the cone could 
be made to ± 0*0005 cm. Let the width of the cone at the ith cross line be di 
and the distance between the fth and the (i + i)th cross line be A,. Then, to 
a filtst approximation, the tangent of the angle the cone makes with the axis 
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(a<) when the distance across the cone is (di -h df+i)l2 is {df — di+i)l2hi. Tests 
have shown that the first approximation is perfectly satisfactory if the difference 
between a< and a<+i is less than 2°. If not, a small correction has to be applied 
because the mean slope between the tth cross line and the (i -f- i)th cross-line 
is not the slope at the place where the distance across the cone is the mean of 
that at the fth and {i + i)th cross-lines. The correction is that tan a< is 
(df — dn.i)l2hi when the distance across the cone on the shadow photograph is 

- i‘[tan - tan 

The calculation was then carried through with the corrected value of -f /2. 
The correction is negligible when is not very different from a<,i. In fact it 
is negligible over most of the cone and is only appreciable near the base where 
the curvature of the shadow line is considerable. It was found necessary to 
apply the correction in the last one or two angle measurements near the base 
of the cone. 

To test this suggested method of measuring burning velocity we measured 
the shadow photographs of five cones, all obtained with the same coal gas-air 
mixture, the flow rate having different values for the five cones. Table I shows 
the flow-rates used for these together with the approximate unmagnified heights 

TABLE I.— Tablk of Flow-rates Used for Five Cones. 

External diam. of burner tube ~ 1*13 cm. Magnified external diam. on shadow 
photo - 2*489 cm. Magnification = 2*203. Internal diam. of burner 
tube — 1*05 cm. (2R). 


Number of 
Photo. 

b'low-rate in cc./sec. 

Percentage 
Comp, by 
Volume of Gas. 

Approx. 
Height of 
Cone. 

Gas. 

Air. 

Total (V). 

I 

32*7 

70*3 

103*0 

31*7 

2*5 

2 

25*3 

54-2 

79*5 

31*7 

2*0 

3 

19*8 

42*5 

62*3 

31*7 

1*5 

4 

i»-3 

39*2 

57*5 

31*7 

1*3 

5 ' 

14-7 

31*7 

46-4 

31*7 

0*9 


TABLE TI.— Detailed Measurement of hf and a< for the Largest 

Cone (No. i). 


(cm.). 


1*9047 

1*7231 

1*5201 

1*3636 

1*2136 

1*1013 

0*8677 

0*6459 

0*4562 

0*2705 



(cm.). 


0*i8i6 

0*3025 

16° 43' 

0*2030 

0*3989 

14° 16' 

0-1565 

0*3929 

11° 16' 

0*1500 

0*4279 

9° 57' 

0*1123 

0*3514 

9° 5' 

0*2336 

0*8423 

7° 54' 

0 * 22 I 8 

0*8009 

7° 53' 

0*1897 

0*7963 

6' 48' 

0*1857 

0*7302 

7 ° 15' 
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of the cones. Table II shows the detailed measurements for the tallest of the 
five cones (No. i). 

values of a. Table III gives the values obtained for the burning velocity of 


TABLE III. —Summary of Results for Five Cones Burning a 31'7 % Coal 

Gas-Air Mixture. 


d d ' 

HI , 

2 (corr.) 

cm. 

Radius of 

Cone (f) 
cm. 

Linear Gas 
Velocity (L^) 
cm./sec. 

Angle ot^. 

Burning Velocity 
B 

cm./sec. 

Cone Number i 




1*8104 

0*411 

92*24 

16° 43' 

26*5 

i*6i6i 

0-367 

121*8 

14° 16' 

30*0 

1*4418 

0*327 

145*5 

11° 16' 

28*4 

1*2886 

0*292 

164*1 

9° 57' 

28*4 

I-I 574 

0*263 

178-3 

9 " 5' 

28*2 

0*9845 

0*223 

194- 8 

7° 54' 

26*8 

0*7568 

0*172 

212*5 

7 ® 53' 

29*1 

0*5510 

0*125 

224*4 

6° 48' 

26*6 

0-3633 

0*083 

232*0 

7° 15' 

29-3 

Cone Number : 

2 




1*8219 

0*413 1 

69*67 1 

54' 

23*7 

1-5844 

0*360 

97-41 

17° 44' 

29-7 

1*3801 

0*313 

I18*2 

14" 46' 

30-1 

1*2005 i 

0*272 

134*1 

12° 36' 

29-3 

1*0323 

0*234 

147*0 

11° 41' 

29*8 

0*8633 

0*196 

158-0 

11° 19' 

31*0 

0*6835 

0-144 

169-7 

10° 39' 

31*4 

0*4032 

0*091 

177*9 

10° 26' 

32*2 

Cone Number ; 

3 




1*6442 

0*373 

71*23 

21° 48' 

26*5 

1*2656 

0*287 

100*9 

17° 8' 

29*7 

1*0157 

0*231 

Ii6*i 

14" 55' 

29-9 

0*8605 

0*195 

124*0 

13° 46' 

^ 9-5 

0*7173 

0*163 

130-1 

13° 12' 

29*7 

0*5772 

0*131 

135*0 

13° 4' 

30*5 

0*4234 

0*097 1 

139-0 

14° 50' 

35*6 

0*2697 

o*o6i 1 

142*0 

16° 5' 

39*4 

Cone Number - 

4 




1*7498 

0*397 

56-78 

24° 12' 

23*3 

1*4505 

0*329 

80-52 

19" 48' 

27*3 

1*1804 

0*268 

98-14 

16° 21' 

27*6 

0*9349 ! 

0*212 

111*0 

14® 15' 

27*3 

0*6279 

0*142 

122*9 

13° 29' 

28*6 

0*3303 1 

0*075 

130*0 

16° 12' 

36-3 

Cone Number 

5 




1-6383 

0*372 

53*43 

28° 39' 

25*6 

1-3259 

0*301 

71*99 

23° 30' 

28*7 

1*0662 

0*242 

84*42 

20° 5' 

29*0 

0*8319 

0*189 

93*34 

17° 20' 

27*8 

0*5969 

0*136 

100*1 

18° 6' 

31*1 " 

0*3682 

0*084 

104-5 

19° 19' 

34-6 


this 31*7 % coal gas-air mixture using the five diflEerent cones. In this table 
the first column gives -f <f<+i)/2 on the “ shadow photograph, corrected if 
necessary. The second column gives the radius of the actual cone (r) at the 
various points at which angle measurements have been made = 

where M is the magnification factor). The third column gives the linear gas 
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velocity, I.,, at this distance, f, from the axis assuming that the flow is stream¬ 
lined. This is given by 


The fourth column gives the cone angle and the fifth the burning velocity as 
deduced from 

B = Lf . sin a<. 

Let us consider the results obtained from the third cone (No. 3). These 
results are the most satisfactory because the tall cones give small values of a 
which are more susceptible to error, vrhile the short cones give fewer measure¬ 
ments of the burning velocity. The accuracy of the distance measurements 
would suffer if the usual number of B-values were obtained on the short cones. 
It will be seen that between y == 0*131 and 0*287 cm. the burning velocity is 
constant being 29*8 cm./sec. (the root-mean-square deviation from this is 0*35 
cm./sec.—i.e. about i %, but this is admittedly a good set). Nearer the axis 
of the tube at r = 0*097 and 0*061 cm. the burning velocity is greater than 
this, being 35*6 and 39*4 cm./sec. respectively. Nearer the w'alls at r — 0*373 
it is less than 29*8 being 26*5 cm./sec. Therefore our results show the same 
feature as those of Lewis and von Elbe, namely that the burning velocity is 
constant over quite a large part of the cone but increases near the axis and de¬ 
creases near the walls. This will also be observed clearly for cones 2, 4 and 5, 
but it is less noticeable in cone 1. 

From this we may conclude that the burning velocity of the mixture used 
is that constant value it has over the greater part of the cone. Near the walls 
it is reduced by the cooling effect of the walls and near the axis it is increased 
by self-heating. This will be discussed later. In Table IV w^e compare the 
mean burning velocities obtained from the five cones. We have taken the 
means of the values over the range w’here the burning velocities arc constant 
within our error of measurement. The mean of the five figures obtained is 
28*9 cm./sec. and the root-mean-square deviation is 0*85—i.e. about 3 %. We 
think that these results confirm our view that by determining burning velocities 
in this way we are measuring a true burning velocity which is characteristic 
of the particular combustible mixture. 

TABLE IV.— Mean Burning Velocities obtained from the Five Cones 

Studied. 


Cone number 

I 

2 

3 

4 i 

5 

Mean burning velocity B, in 



29*8 


29*2 

cm./sec. .... 

28*1 

29'7 

27.7 



Lastly we made measurements of burning velocities when heated water 
was passed through the water jacket. We did this, with the same burner tube, 
using a coal gas-air mixture containing 30*8 % of the former. Measurements 
were made at 16°, 52° and 88° c. The weight of gas flowing into the apparatus 
per unit time was kept constant, the volume-flow rates being 76*3 at 16°, 85*8 
at 52° and 95*4 cc. per sec. at 88° c. Pictures were taken in the following 
sequence : (A) 16°; (B) 52°; (C) 88°; (D) 16°; (E) 52°; (F) 88° c. This 
was to ensure that there had been no change during the course of the experiment. 
The results are shown in Table V. In this table we give the linear gas velocities, 
cone angles and burning velocities at various points on the cone designated by 
the distance, r cm., from the axis of the burner. As before, in all the cones there 
is a range where the burning velocity is constant. Also, when the measurements 
are extended far enough, there is an increase in the burning velocity near the 
axis and a decrease near the walls. The mean values for the burning velocity 
over the constant range for the six cones are shown in Table VI. It will be 
seen that for all three pairs the agreement is good. The final mean is shown in 
the same table. The burning velocity is seen to increase rapidly as the tem¬ 
perature rises, which results in the cones becoming smaller as the temperature 
rises. 

Discussion. 

The discussion will be divided into three parts : (a) a comparison 
of our method of obtaining burning velocities with other methods that 
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have been used ; (6) a consideration of the shape of the shadow cone ; 
{c) a discussion of the effect of temperature on the burning velocity. 

{a) In the introduction it was pointed out that the methods of Gouy, 
Stevens, Smith and Pickering, etc., all suffered from certain objections 
as ways of determining flame velocities from Bunsen cones. The only 
method that allowed for the deviation of the gas flow from the axial direc¬ 
tion before reaching the luminous flame cone was that of Lewis and von 
Elbe.^ However, it seems to us that this method suffers from the objection 
that, at the luminous flame cone, the gases have suffered expansion both 
lateral and longitudinal though the extent is not known. If the expansion 
on passing from the beginning of the reaction zone to the luminous region 
were only parallel to the flow lines, then the measurement of burning 
velocity by the method of Lewis and von Elbe would give a correct value 
for the burning velocity relative to the unbiirned gas. However, if there 
is longitudinal expansion there must be lateral expansion perpendicular 
to the flow lines between the beginning of the reaction zone and the 
luminous region. Moreover, the flow lines show that this has happened. 
Lewis and von Elbe's results do not take account of this and will therefore 
be in error. 

By burning velocity we mean the speed of movement of some par¬ 
ticular part of the flame with reference to unburned gas. In our method 
of measurement using the shadow cast by the flame we have employed 
the point which marks the very beginning of the sucesssion of zones which 
constitute the flame. By doing this we have avoided any difficulty of 
gaseous expansion or departure of the flow lines from the axial direction. 
This is shown by the flow-line photographs. We therefore believe that 
the method we suggest will give more reliable results for the burning 
velocity than others that have been tested. In addition because, for a 
large part of the cone, the burning velocity is constant, it is possible to 
make several measurements on one cone and so obtain a check. More¬ 
over our method is very much simpler to carry out than that of Lewis 
and von Elbe because we do not have to measure and plot the flow-lines 
for each zone. 

(6) As regards the shape of the shadow cone, the main points are 
(i) that it seems to be decided, over the majority of its area, by a constant 
burning velocity, and (ii) that there is an increase in burning velocity 
near the centre and a decrease near the walls of the tube. The decrease 
near the walls is to be expected, as pointed out by Garside, Forsyth and 
Townend ® and by Lewis and von Elbe * because the walls will cool the 
gases ahead of the flame and they will therefore be heated less rapidly 
and so the flame will proceed more slowly. The increase in burning 
velocity near the centre is also to be expected because the gases approaching 
points near the apex of the cone are pre-heated not only by heat from the 
flame zone they arc about to enter but also, to an appreciable extent, by 
heat from the flame on the other side of the cone. This will not be appreci¬ 
able farther down the cone where the other side of the cone is so much 
more distant. Our experiments on the effect of temperature on flame- 
speed have shown that pre-heating the gas by only 36° c. causes the 
burning velocity to increase relative to the unheated gas (i.e. allowing for 
the expansion on raising the temperature 36°) by nearly 30 %. A rough 
calculation shows that we may expect the gas on the axis at a point whei^ 
the diameter of the cone is about 2 mm. to have its temperature raised 
of the order of 50° c. It would therefore be expected that there \vould 
be an increase in burning velocity near the apex of the cone. Moreover 
it is not unreasonable that the burning velocity appears to start increasing 
at about r = O'l cm.—cf. Table II. The ^change in burning velocity at 
the top of the cone is therefore quite consistent with our measurements 
of the effect of temperature on the burning velocity. 

Jn Fig. 3, which shows the shadow cone, it will be seen that the 
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TABLE V.—Effect of Initial Temperature on Burning Velocity. 


Radius of Cone, r, 
cm. 

Linear Gas Velocity 
cm./sec. 

Cone Angle, 

Burning Velocity B , 
cm./sec. 

Cone A. Initial temperature of unburned gases = i 6 ° c. 


0*392 

78-65 

19° 38' 

26*4 

0*340 

103*0 

16° 4' 

28*5 

0*280 

126*8 

12° 59' 

28-5 

0*227 

144*3 

11° 24' 

28*5 

0*190 

154*0 

10° 8' 

27*1 

0*157 

161*4 

9° 38' 

27*0 

0*123 

167*6 

cy 23' 

27*3 

0*087 

172*5 

9^ 20' 

28*0 

Cone D. Initial temperature of unburned gases = 16° c. 


0-388 

80-56 

19" 10' 

26*4 

0-338 

103*6 

16° 3' 

28*6 

0*298 

120*3 

13° 53' 

28*9 

0*261 

133-6 

12° 10' 

28*1 

0*225 

144-6 

11° 4' 

27.7 

0*178 

156-9 

10° 4' 

27*4 

0*134 

165-8 

9 ° 52' 

28*4 

0*104 

170*3 

10° 36' 

30*5 

Cone B. Initial temperature of unburned gases = 52° c. 


0-387 

91*04 

21 ° 55 

34*0 

0*331 

119*9 

17° 55' 

36*9 

0*283 

141*3 

15° 12' 

37*0 

0*241 

157*3 

13° 50' 

37*6 

0*202 

169*9 

12° 50' 

37*7 

0*147 

183*8 

II" 35' 

36*9 

0*087 

193*9 

12° 12' 

41*0 

Cone E. Initial temperature of unburned gases = 52° c. 


0*401 

83*06 

22° 19' 

31*5 

0*344 

113*9 

19" 5' 

37*2 

0*294 

136*8 

16° 40' 

39*2 

0*248 

155*0 

14" 33' 

38*9 

0*203 

169*6 

12° 57' 

38*0 

0*164 

180*0 

12° 5' 

37*7 

0*113 

190*1 

11° 28' 

37*8 


Cone C. Initial temperature of unburned gases — 88 ° c. 


0*395 

96*16 

25° 3' 

40*7 

0*329 

134*3 

22° 6' 

50*5 

0*271 

162*6 

18° 20' 

51*1 

0*222 

181*9 

15-31' 

48*6 

0*161 

200*6 

14° 17' 

49*5 

0*104 

212*7 

13° 47' 

50*7 

0*068 

217*8 

I6» 37' 

62*3 


CpNE F. Initial temperature of unburned gases ~ 88 ° c. 


0-396 

95*27 

26° 15' 

42*1 

0*325 

136*8 

22° 46' 

52*9 

0*267 

164*0 

18° 8' 

51*0 

0*218 

183-4 

16° 28' 

52*0 

0*174 

197*2 


50*9 

0*133 

207*3 

14° 26' 

51*7 

0*095 

214*3 

15" 13' 

56*2 

0*060 

218*6 

15" 57' 

60*1 
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diameter of this cone at the top of the burner is less than the internal 
diameter of the burner. It may be supposed that the shadow cone really 
continues down inside the burner tube until it meets the wall normally. 
This is to be expected for the line that marks the start of the flame zone 
in the region where it meets the wall and so our consideration of the line 
on the shadow photograph removes the difficulties that appear in the 
use of direct photographs of the luminous cone because of the way in 
which that cone overhangs the burner. 

TABLE VI.— Summary of Results on Effect of Temerature on Burning- 

Velocities. 


Temp, of 
Unbumed Gases. 

1 

Cone. 

Mean Burning 
Velocity 
cm./sec 

Cone. 

Mean Burning 
Velocity 
cm./sec. 

Final Mean 
Burning Velocity. 

16 ° c. 

A 

27*8 

D 

28*2 

28-0 

‘> 2 ° C. 

B 

37-^ 

E 

38-1 

37*6 

88 ° c. 

C 

50-1 

F 

51-7 

50*9 


(6) Table VI summarises our measurements of the efiect of initial 
temperature on burning velocity. It will be seen that the rate of increase 
with temperature is quite large. 

We shall see how far this change can be explained. A modified form 
of the Mallard—Le Chatelier equation • (see Lewis and von Elbe is 


B =: T5 — Tjg 

Pu^b^v ’^ig u 


where B is the burning velocity, and are the temperature of 

the burned gas, the temperature of the unburned gas and the ignition 
temperature respectively, is the densit3% ^b is thickness of the 
reaction zone and is the mean specific heat at constant pressure. With 
B = 30 cm./sec. ; L = io~* cal./sq, cm./sec. for unit temperature gradient; 
Tft = 1750° c. ; Tig — 650® (a not-unreasonable figure) ; = 10/22400 

cal. per cc., we find that x has to be of the order of iV nim. which is not 
unreasonable. 

We will now compare the observed % change in the burning velocity 
with the % changes in the terms on the right-hand side of the above 
equation : 


^ 37 -<> 

Bie 28-0 


1 - 34 - 


Taking Tig = 650*^ c., Tb = 1750° when = 16^ and T^ = 1786® for 
Tu = 52°; Ltobe proportional to -y/T and using mean temperatures ; 
Pu as proportional to T and c, as independent of T since the initial tem¬ 
perature has only changed 36°, we have from Bg, = 1-34 Bi, that 
-^6 2 == 0*93 ^16- This is not unreasonable since the thickness of the 
reaction zone is expected to decrease as the temperature rises. Let us 
suppose, quite arbitrarily, that at is a linear function of the initial tem¬ 
perature. Then, Xgg = o*86 x^g and the formula predicts that Bgg = i -So 
and since B^ = 28*0 we get Bgg — 50*4. The observed value is 50-9. 
It seems that the simple thermal picture of Mallard and Le Chatelier 
does, in this case, account for the effect of temperature quite well. It is 
not useful for absolute predictions of the burning velocity because some 
of the terms are extremely uncertain, iri^ particular, the thickness of the 


•Mallard and Le Chatelier, Ann, Mines, 1875, 7, 355. 

Lewis and von Elbe, Combustion,' Flame and Explosions in Gases (C.U.P., 

^38). 
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reaction zone, x, and the ignition temperature, Also, it should be 

stressed that the results for this combustible mixture may not be a general 
result as other flames may depend much more on radical diffusion for 
their propagation (cf. Lewis and von Elbe). 

Summary. 

We have taken shadow and direct photographs of the flame cones on a cylin¬ 
drical burner burning a coal gas-air mixture. A new procedure for using the 
cones on the shadow photographs to determine burning velocities is described 
and its merits considered. Certain conclusions regarding the form of the flame 
region are also made. Lastly, the effect of temperature on the burning velocity 
of a coal gas-air mixture was measured and the results considered in the light of 
a formula that has been suggested for calculating burning velocity in terms of 
other properties of the combustible mixture. 

Inorganic Chemistry Laboratory, 

Oxford. 


MOLYBDENUM OXIDE CATALYSTS FOR THE 
REDUCTION OF PHENOL TO BENZENE. 

By L. a. Woodward and A. T. Glover. 

Received yth October, 1947. 

It is known ^ that phenols may be reduced to the corresponding 
aromatic hydrocarbons by hydrogen at atmospheric pressure in the presence 
of suitable catalysts, including compounds of molybdenum. The be¬ 
haviour of molybdenum oxide catalysts has been investigated more par¬ 
ticularly by Bahr and Petrick *•* and by Kingman.* The former workers 
explained the deterioration of the catalysts during use as due principally 
to the progressive reduction of the trioxide MoO„ which they supposed 
to be the active species, to form the dioxide MoOg, which they supposed 
to be inactive. In support of this view they found that a specimen of 
the dioxide, prepared by reduction of the trioxide, showed hardly any 
activity. On the other hand Kingman, by X-ray examination of active 
catalysts with and without promoters, found that they all possessed the 
MoO2 structure. The present work was undertaken in the hope of throwing 
light on the apparent incomp)atibility of these earlier results and upon the 
general behaviour of molybdenum oxide catalysts in the reduction of 
phenol to benzene by hydrogen at atmospheric pressure. 

Determination of Catalyst Activities. 
Experimental. 

A flow method similar to that of Kingman * was used, in which phenol vapour 
was entrained by passing a steady .stream of hydrogen through molten phenol 
at constant temperature, the mixture was passed over a weighed quantity of 
catalyst at known temperature, and the reaction products were collected and 
analysed. The constancy of the rate of passage of hydrogen (approx. 10 1. per hr.) 
was indicated by a capillary flow-meter and the stream of gas passed through 
PjOj drying-tubes and also a liquid-air trap (to remove traces of condensible 
matter) before entering an oil thermostat containing two spiral phenol saturators 
in series. The thermostat temperature was regulated to 75 ± o'l® c. By a 

^ Fischer, Bahr and Petrick, Brennstoff-Chemie, 1932, 13, 45. 

* ibid., 1933, 14, 161. 

» ibid., 1933, 187. 

* Trans. Faraday Soc., 1937, 33, 784. 
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suitable arrangement of mercury seals, also immersed in the thermostat, the 
hydrogen stream could be made to pass either directly into the reaction vessel 
without phenol entrainment, or alternatively through the phenol saturators. 
The glass reaction vessel was vertical, the catalyst sample being supported near 
the middle on an asbestos plug resting on a suitable constriction. The vessel 
was heated by an electric furnace and the reaction temperature measured to 

2® c. by a fine-gauge thermocouple situated within a thin glass sheath at 
the centre of the catalyst bed. The hydrogen entered at the top through a 
ground glass joint, the purpose of which will be explained below in the section 
dealing with the X-ray investigation of the catalysts. For the whole of its 
passage from thermostat to reaction vessel, the reaction mixture was electrically 
heated to 100® c. to prevent condensation of phenol vapour. The products 
issuing from the bottom of the reaction vessel were collected by passage for a 
measured time through two weighed receivers immersed in liquid air, con¬ 
densation before reaching the receivers being prevented by electrical heating. 
The receivers were then re-weighed, the condensate washed out with NaOH 
solution and the amount of phenol present determined with standard bromate- 
bromide solution in the usual way. 

Before undertaking activity determinations, hydrogen was passed through 
the phenol saturators for 24 hr,, after which the condensate collected in absence 
of catalyst was found to be 100 % phenol. Collection was always complete in 
the first of the two receivers. The rate of input of phenol w’as about 0*38 g./hr., 
the variations being so small as not seriously to affect the observed values of 
catalyst activity. 

From the equation : 

C.H.OH -f C,He + H ,0 

it follows that, if is the weight of condensate and w the w’cight of phenol it 

contains, the % conversion of phenol to benzene is given by — 

tt; 4“ fg (H' — w) 

The value of this expression was taken as a measure of the mean catalyst activity 
over the period of collection. No account w'as taken of the very small quantities 
of water that may be formed by reduction of the catalyst. 

Activities of Catalysts without Preliminary Reduction. —The starting 
material, as for all catalysts used in the present w’ork, w'as Analar molybdenum 
tnoxide previously dried at 100® c. Preliminary experiments showed that 0*35 g. 



Fig. 1.—Effect of reaction temperature on the variation of activity of MoOj 

catalyst w'ith time. 


was a suitable amount for test and, except w here otherwise stated, this w^as the 
weight taken. In each run the catalyst was raised to the reaction temperature 




6io 


MOLYBDENUM OXIDE CATALYSTS 


in half an hour with pure hydrogen passing. Then phenol entrainment was 
started and condensates collected over successive i hr. periods. 

A series of runs was carried out with reaction temperatures of 300, 325, 365, 
400 and 440” c. The results are shown graphically in Fig. i, in which activities 
are plotted at the middle of the corresponding i hr. periods. To illustrate the 
degree of reproducibility of the determinations, the points for duplicate runs 
are included for one reaction temperature {365° c.). Results at other temper¬ 
atures showed similar agreement. Some differences between duplicate runs 
are to be expected, owing principally to non-reproducibility of catalyst packing 
and slight variations of phenol input rate. They are seen, however, to be too 
small to cast doubt on the general shapes and relative positions of the curves. 

Discussion. 

The activity-time curves show an initial rise (probably from zero) 
to a maximum. This effect was not present in the work of Kingman * 
whose catalysts were subjected to preliminary reduction before test; 
and it received only brief mention from Bahr and Petrick.** * The time 
required to attain the maximum activity is seen to diminish regularly 
with increase of reaction temperature. These phenomena can best be 
accounted for on the view that the original molybdenum trioxide is 
inactive and that the. activity is developed as the result of reduction, 
the rate of which increases with increase of temperature. The attain¬ 
ment of a maximum followed by a slow fall indicates that the generation 
of activity by reduction is opposed by a process of deterioration, probably 
due to thermal sintering of the active surface and cloaking by deposit 
of small quantities of products of high molecular weight from side-reactions. 
That such deposits play a part in the deterioration is shown by the ob¬ 
servation of Bahr and Petrick that CO 2 was evolved when a spent cataly.st 
was heated in air, and that a revivification of activity resulted. Our 
observations, how'cver, are not in harmony with the view of these wmkers 
that the active species is the trioxide and that the reduced catalyst is 
inactive. The principal evidence adduced in support of their theory was 
that a specimen of molybdenum dioxide, prepared by complete reduction 
of the trioxide, was found to have hardly any activity. The significance 
of this evidence was further investigated by the following experiments on 
pre-reduction of molybdenum trioxide. 

Reduction of Molybdenum Trioxide by Hydrogen. 

Reduction in absence of phenol was studied at 300, 350 and 450° c. The 
weight of trioxide taken for each run was 5 g., w'hich was the largest amount that 
could be accommodated in the reaction vessel so as to lie wholly within the range 
of constant temperature of the furnace. In order to remove adsorbed water, 
each sample was first kept for several hours in a stream of hydrogen at 150° c., 
at which temperature reduction is negligible. Reduction was then allowed to 
proceed at the desired temperature until the rate of collection of water in the 
liquid-air traps became inappreciable. The times required at 300, 350 and 
450® c. were respectively 120, 90 and 60 hr. The total weights of water col¬ 
lected were the same within 3 %, showing that practically the same stage of 
reduction had been attained in all three cases. All the products had the dark 
colour of molybdenum dioxide. The trioxide is white. 

The products were cooled to room temperature and removed from the re¬ 
action vessel for analysis. In the case of the product of reduction at 450° c., 
exposure to the air produced no observable effect. The molybdenum content, 
determined gravimetrically as lead molybdate,* was found to correspond within 
the limits of experimental error to MoO, (theoretical, 75*0 % ; observed 74*65 %). 
This result is in agreement wdth that of Herington and Rideal • who found that 
the loss of weight on reduction at 475° c. corresponds to formation of molyb¬ 
denum dioxide only, though at 550 and 575° c. appreciable further reduction 
(presumably to molybdenum metal) occurs. It also confirms the observation 
of Bahr and Petrick • that reduction at 450° c. gives the dioxide quantitatively. 

* See Treadwell and Hall, Analytical Chemistry (1935), Yol. II, p. 277. 

• Proc. Roy. Soc. A, 1945, 184, 434. 
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As shown by the equality of the amounts of water formed, the product of 
reduction at 300° c. and 350° c. is likewise molybdenum dioxide ; but when 
the samples were exposed to the air (after cooling to room temperature) they 
were found to be pyrophoric and glowed brightly. The percentages of molyb¬ 
denum by weight in the resulting powders were found to be 69*6 for the sample 
reduced at 300® c. and 72*6 for that reduced at 350° c. These correspond 
roughly to 35 % MoOg -f 65 % M0O3 and 70 % MoOj -f 30 % M0O3 by weight 
respectively. After exposure to air the powders retained the dark colour of 
the dioxide unchanged. 

Activities of Pre-reduced Catalysts. —Activity-time curves for the phenol- 
hydrogen reaction at 350® c. were determined for catalysts which had been pre¬ 
reduced to molybdenum dioxide at temperatures of 300, 350 and 450° c. For 
each run the standard weight (0*35 g.) of the trioxide was taken and the times of 
pre-reduction (120, 90 and 60 hr. respectively) were chosen in the light of the 
above results so as to ensure complete formation of molybdenum dioxide in all 
cases. After pre-reduction the temperature was adjusted as rapidly as possible 
to 350® c., w'hereupon phenol entrainment and hourly activity determinations 
were begun. The results obtained are shown in Fig. 2. A similar sample of 
trioxide reduced for 60 hr. at 550® c. was found to be completely inactive. 




Fig. 2.—Effect of pre-reduction 1 empera- 
ture on activity of MoO, at 350° c. 


Fig. 3.—Activity at 350° c. of catalyst 
pre-reduced at 300® c. 


The curves of Fig. 2 are essentially different in form from those of 
Fig. 1. The initial rise of activity from zero to a maximum, observed 
for the trioxide without pre-reduction, is absent. This provides strong 
evidence for the view expressed above that this initial rise is due to re¬ 
duction of the inactive trioxide, and shows the incorrectness of the view 
of Bahr and Petrick that the trioxide is the active species. Furthermore, 
it is seen from Fig. 2 that, although all the catalysts tested had been 
reduced completely to molybdenum dioxide, their initial activities de¬ 
crease sharply with increase of reduction temperature. Now it appears 
from their account that the specimen of dioxide which Bahr and Petrick 
found to be nearly inactive had been prepared by reduction of the tri¬ 
oxide at 450® c. Their observation as to its very low activity is thus in 
agreement with ours ; but their deduction that molybdenum dioxide is 
alwa5rs inactive is seen to be inadmissible, and the apparent inconsistency 
with the results of Kingman’s X-ray examination of active catalysts is 
resolved. 
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Evidence is giv^en below that the active dioxide formed at the lower 
temperatures differs in particle size from the almost inactive dioxide 
formed at 450° c. 

Reference to Fig. 2 shows that, although the catalyst reduced at 300® c. 
has a considerably higher initial activity than that reduced at 350° c., 
the rate of deterioration of the former is much greater. In consequence, 
the activity-time curves cross after about 3 hr. working. From a practical 
point of view, therefore, there is clearly an optimum temperature of pre¬ 
reduction for the best overall catalyst performance. This can be 
explained on the view that the initially more active catalyst surface is 
either more susceptible to thermal sintering or that it enhances the small 
amount of side reaction and so becomes more rapidly cloaked with products 
of high molecular weight. 

Activity of Pre-reduced Catalysts after Exposure to Air. —0*35 g. of 
molybdenum trioxidc was reduced for 120 hr. at 300” c. and cooled to room temper¬ 
ature. Air was then passed through the reaction ves.sel and a sharp rise of 
temperature was observed. When this pyrophoric effect had subsided, the 
air stream was replaced by hydrogen, the temperature raised to 350® c. and 
activity determinations at once started. The activity-time curve for this 
catalyst is shown in Fig. 3, which for comparison also show's the curve from 
Fig. 2 for the corresponding catalyst pre-reduced at the same temperature but 
not exposed to air. An exactly analogous pair of curves was obtained for 
catalyst pre-reduced at 350° c. 

Exposure to air is seen to cause an appreciable reduction of activity, 
but it is notable that the two curves of Fig. 3 are of similar form. Al¬ 
though by analysis the composition after exposure to air corresponded 
roughly to 35 % MoOg -f 65 % MoO^ instead of pure M0O2, there is 
no sign of an initial rise of activity of the kind observed with molybdenum 
trioxide. The diminution of activity caused by exposure to air may be 
due to sintering of the active surface at the high temperatures of the 
pyrophoric effect; but apart from this it appears that the active structure, 
when once developed, survives the oxidation by air and does not have to 
be produced afresh by re-reduction of trioxide. Further light on this 
interesting point is provided by the X-ray investigation of these catalysts 
described below. 


Reaction of Catalysts with Phenol in Absence of Hydrogen. 

It has been shown by Woodward and McKee ’ that active catalysts will 
react with y)henol at 350® c. in absence of hydrogen and that benzene is produced. 
The evidence was as follow^s. A sample of active molybdenum oxide catalyst 
w'as thoroughly de-gassed by evacuation at 420® c., after which the temperature 
was lowered to 350® c. and phenol vapour admitted up to a pressure of approxim¬ 
ately 0*1 mm. Hg. The pressure was unchanged after 6 hr., showing that in 
any reaction that might have been occurring each molecule of phenol had been 
replaced by one molecule of product in the gas phase. That benzene had in 
fact been formed was proved by determination of the pressure-volume curve of 
the resulting vapour at room temperature. The curve obtained was quite 
different from that of phenol vapour and showed a distinct break at the 
saturated vapour pressure of benzene. 

In the present work this reaction of catalysts with phenol in absence of 
hydrogen was investigated by the flow method in a manner similar to that for 
the activity determinations described above. A sample of catalyst that had 
been completely reduced at 300® c. cooled and exposed to air (pyrophoric) was 
raised to 350® c. in a stream of nitrogen, whereupon phenol entrainment and 
activity determinations were started. Reaction with phenol took place, but 
in order to obtain an initial activity of a suitable magnitude for measurement 
it was found convenient to use a larger weight of catalyst (3 g.) than in the 
activity determinations for the phenol-hydrogen reaction. The phenol input 
rate was also slightly lower (approx. 0*32 g./hr.). The results obtained are 
shown in Fig. 4. 


’ Unpublished work. 
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In calculating the activities it was assumed that the oxygen of the phenol 
is taken up by the catalyst with production of benzene. As far as condensation 
of products is concerned, therefore, the reaction is and the 

activities (i.e. % conversions) are accordingly obtained from the expression : 

— w) X lOQ 
^ -f- 7^(1^ — w) 


Owing to the different catalyst weight the scale of activities is of course different 
from that for the previous experiments with phenol and hydrogen. 

A similar curve to that of Fig. 4 was obtained for the catalyst reduced at 
330^* c. and exposed to air, the initial activity being lower and the rate of fall 
slightly less. A catalyst reduced at 450® c. showed no measureable reaction with 
phenol at 350® c. in absence of hydrogen. Unreduced molybdenum trioxide 
was likewise without activity. 


Although in the experiments of 
Woodward and McKee, quoted above, 
the catalyst was thoroughly pumped 
out before admission of phenol 
vapour, it might possibly be objected 
that adsorbed hydrogen from the 
original reduction may not have been 
cv)nipletely removed and that the 
formation of benzene may have been 
by the ordinary reaction, 

C.HjOH + H, -> QH, -f H^O. 

To account for the constancy of the 
pressure it would then be necessary 
to assume that the water remained 
strongly adsorbed. Such an objec¬ 
tion appears to be inadmissible in 
relation to the present work, however, 
since the catalyst in question had 
been exposed to air before use, and 
it is most unlikely that any hydro¬ 



gen remained associated with it after Fig. 4.— Reaction of catalyst with 


the consequent pyrophoric oxidation. phenol at 350° c. in absence of 


As stated above, the activities of hydrogen. 


Fig. 4 were calculated on the assump¬ 
tion that the catalyst takes up the oxygen from the phenol molecule 
with formation of benzene. This finds support in the fact that the weights 
of the successive hourly condensates were all the same within a few per cent., 
although their phenol contents were so markedly different. The reaction 
cannot therefore have involved any serious breakdown of the phenol 
to gaseous products or polymerisation to involatile material remaining 
on the catalyst surface. It is thus reasonable to suppose that the re¬ 
action is simply : phenol -f- active catalyst -> benzene -f “ oxidised 
catalyst." The active catalyst on the left-hand side of this equation had 
taken up oxygen, on exposure to air, so as to attain a composition cor¬ 
responding approximately to 35 % M0O2 -f 65 % MoO, (see above). 
From the weight of catalyst used and the total amount of phenol con¬ 
verted a rough calculation shows that the uptake of oxygen from phenol 
was sufficient to make the final composition correspond to about 25*% 
MoO, 4- 75 % MoO,. It is remarkable that after its pyrophoric reaction 
with air the catalyst should still be able thus to take up oxygen from 
phenol at 350° c. The amounts concerned indicate that in both cases 
the reaction is not confined to the surface of the catalyst, but involves 
penetration of oxygen into the interior of the particles. Possibly the 
rapid fall of activity in Fig. 4 is due to the increasing slowness of this 
penetration with increase of the amount of oxygen taken up at the 
catalyst surface. 
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It is interesting to note that, since the “ oxidised catalyst ** may be 
reduced with hydrogen, it is possible to effect the overall reaction, 
C^HjOH -f Hg C«H, -f HgO, in two separate stages : (i) phenol -f 
active catalyst benzene -|~ “ oxidised catalyst,'* followed by (ii) “ oxid¬ 
ised catalyst ” f hydrogen water -f active catalyst. It is not sug¬ 
gested that the catalytic reduction of phenol in presence of hydrogen neces¬ 
sarily proceeds by such stages, but it appears probable that the affinity 
of the catalyst for oxygen is intimately concerned ; for the experiments 
show that catalysts that are active for the reduction of phenol by hydrogen 
will also react with phenol alone, whereas catalysts that are inactive for 
the phenol-hydrogen will not react with phenol. 

This striking parallelism is also of interest in relation to the view of 
Herington and Rideal« that the active species in the reduction of phenol 
by hydrogen is not molybdenum dioxide but a thin surface layer of 
molybdenum metal, the presence of which they infer from the fact that 
appreciable reduction beyond the stage of MoO* is possible at higher 
temperatures. The work of these authors is concerned principally with 
catalysis of a quite different reaction, the aromatisation of paraffins. 
By comparing their results with those of Kingman * they find, for molybde¬ 
num oxide catalysts containing different promoters, that in general greater 
ease of reduction beyond M0O2 at high temperatures is associated with 
lower activity for aromatisation and higher activity for phenol reduction. 
This they take as evidence that the catalytically active species for the two 
reactions are respectively molybdenum dioxide and molybdenum metal. 
The possibility that molybdenum dioxide is the active catalyst for phenol 
reduction cannot, however, be ruled out on this evidence ; for if one property 
of this species (namely, ease of high-temi.)erature reduction to metal) 
is affected by the presence of promoters, it is not unreasonable to suppose 
that other properties (for instance, catalytic activity for phenol reduction 
or aromatisation) will also be affected. The present work indeed provides 
evidence in support of the view that it is the dioxide that is active in the 
reduction of phenol by hydrogen ; for it is improbable that any surface 
molybdenum metal would survive pyrophoric oxidation, and yet the 
catalytic activity is not thereby destroyed. Were it only a question of 
the survival of activity for the phenol-hydrogen reaction, it could be ob¬ 
jected that the excess hydrogen might be able rapidly to reduce the oxidised 
molybdenum to metal again : but after the pyrophoric effect the catalyst 
is still active for reaction with phenol in absence of hydrogen, where such 
re-reduction is out of the question. Hence, if we admit the parallelism 
between the activities of catalysts for the reaction with phenol in absence 
of hydrogen and for the catalytic reduction of phenol by hydrogen, it 
becomes difficult to maintain the view that the active species is molybdenum 
metal. 

X-Ray Examination of Catalysts. 

Samples were examined by the X-ray powder method in the hope 
of throwing light upon the structure of the “ oxidised catalyst," referred 
to in the preceding discussion. It should of course be borne in mind 
that this method gives information about the bulk structure of the catalyst 
particles, whereas their catalytic activity is a property of the surface. 
However, the quantities of oxygen taken up when active molybdenum 
dioxide samples are exposed to air indicate that this reaction is not con¬ 
fined to the surface. As capacity to take up oxygen in this manner is 
associated with catalytic activity, it was thought to be of interest to use 
the X-ray powder method of investigation. 

Experimental. 

Owing to the pyrophoric character of some of the powders, specimens to be 
photographed were not mounted in the customary manner upon a hair, but were 
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enclosed in thin-walled capillary tubes filled with hydrogen. The capillaries 
(diam. 0*5 mm. ; wall thickness < 0*02 mm.) were made of boro-silicate glass 
having a high permeability to X-rays. Capillaries of Lindemann glass proved 
to be too fragile and collapsed on evacuation. 

The following technique was adopted for transferring catalyst from reaction 
vessel to capillary without contact with air. A current of hydrogen was passed 
upwards through the reaction vessel (i.e. in the reverse direction from that during 
catalyst reduction or activity determination), the ground-glass joint at the top 
was then opened and the phenol lead-in tube replaced by a vertical tube blown 
out a few inches above the joint into a thin-walled bulb with a hydrogen exit 
at the top. After allowing sufficient time for the hydrogen stream to replace 
all the air, the tube above the bulb was drawn off. The reaction vessel and 
attached bulb-tube, filled with hydiogen, were then withdrawn from the reaction 
furnace and inverted, whereupon the catalyst fell into the bulb, which was 
drawn off. The bulb containing the catalyst was then transferred to a specially 
constructed vessel fitted with an internal loo-mesh sieve and tapering below to 
a narrow neck to which the boro-silicate capillary was attached. Tliis vessel 
was evacuated and hydrogen let in to 1 atm. pressure, after which the bplb 
containing the cataly.st was broken by a suitable device operated from outside 
without admission of air. By tapping, a sample of the catalyst powder was 
made to pass through the sieve and so into the capillary, which w^as then drawn 
off for mounting in the X-ray camera. 

The copper A-lines were used, and for purposes of comparison photographs 
were first taken with specimens of pure molybdenum dioxide (prepared by 
complete reduction of the trioxide at 450° c.) and of pure re-sublimed trioxide. 
Both specimens gave well-defined diagrams. Owing to the finite sizes of specimen 
and source, the values of the interplanar spacings d, deduced in the usual way 
from the measured positions of the lines, are subject to .systematic corrections 
known from previous work wdth comparable samples to range from -- 0*15 a. 
at small angles to — o*ot a. at angles near 90®. Taking these corrections into 
account, the <f-values and relative intensities of all the lines measured (ii for 
the dioxide and 23 for the trioxide) agreed w'cll with the values calculated from 
the recorded cry.stal structure data for the re.spective compounds.® 

Samples of dioxide prepared by the complete reduction of the trioxide at 
300° c. and 350® c. and transferred to the capillaries without contact with air 
were next examined. The diagrams corresponded to the MoOg structure, but 
with the .same exposure time as before, w'crc less w^ll-defined and .showed only 
the strongest lines. This indicates that the particle size is smaller than for 
the inactive dioxide produced at 450® c. 

Diagrams were also obtained for samples of the catalysts reduced at 300° c. 
and 350° c. and then exposed to air. Although by analysis these had composi¬ 
tions corresponding to about 65 % and 30 % molybdenum trioxidc by w'eight 
respectively, both had the dark colour of the dioxide and gave diagrams showing 
only the strongest lines of the MoO, structure with no trace of the M0O3 structure. 
The observed (/-values for these samples, as deduced from the measured positions 
of the lines without the corrections referred to above, are given in Table I, 
together with the corresponding values observed for MoO,. 


TABLE I.— Uncorrected Lattice Spacings of Active Catalysts after 

Exposure to Air. 


MoO*. 

“ 65 % MoOa.” 

"30 % MoO,.‘’ 

h. k. 1. 

d (A.). 

Intensity. 

d (A.). 

Ad (A.). 

d (A.). 

Ad (A.). 

I I 0 

3*31 

strong 

3*35 

- 1 - 0-04 

3*34 

+0-03^ 

2 0 0 

I 0 I 

2*35 

strong 

2*39 

-fo -04 

2-37 

-f-0*02 

2 2 0 

2 I I 

1*68 

strong 

1-74 

-fo'o 6 

1*72 

-fo -04 

H 

0 

1*50 

i 

med ium 



1*53 

-f-o -03 


•Wyckoff, The Structure of Crystals (2nd. Edn., 1931), p. 238; ibid. (2nd 
Edn. SuppL, 1935), p. 38. 
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Although the values of d in Table I require correction to convert them to true 
lattice spacings, the values for each (h k 1) are comparable with one another. 
It is seen that the spacings for the active catalysts after exposure to air are all 
greater than those for pure MoOj. The differences shown in the table in the 
columns headed are small, but outside the estimated limits of experimental 
error o*oi a.) of the uncorrected ^f-values. 

X-ray powder photographs were also taken for samples of trioxide cataly.Nl 
after use for different times in the phenol-hydrogen reaction at 350° c. The 
same procedure was followed as in the determination of the activity curves of 
Fig. I, the reaction being started without pre-reduction of the cataly.st. After the 
desired time the catalyst was allowed to cool and was then transferred to the 
capillary without contact with air. Samples that had been working for 5 hr. 
(corresponding roughly to attainment of maximum activity) and 10 hr. both 
showed the black colour of molybdenum dioxide, but gave normal X-ray 
diagrams of M0O3 only. A sample after 10 hr. working at 440® c. again gave 
the normal M0O3 diagram strongly, but the most intense lines of MoOj also 
appeared faintly. The ii-values of these lines were all greater by 0*03 a. than 
the corresponding lines for ordinary MoOg (cf. Table I). 

The X-ray diagrams show that samples of molybdenum dioxide formed 
by reduction at 300 and 350° c. have the same structure as the product 
of reduction at 450® c., but a smaller particle size. This may well be con¬ 
nected with the fact that the dioxide formed at the lower temperatures 
shows high catalytic activity, whereas that ft)rmcd at 450° c. is almost 
inactive. Kingman * found that a large surface area is necessary in 
order that a catalyst shall be highly active. 

Associated with the catalytic activity is the pyrophoric oxidation on 
exposure to air. Despite the large amounts of oxygen taken up, the 
X-ray diagrams show that the dioxide structure persists, but with an 
expansion of the lattice spacings. It seems probable that when the active 
catalyst reacts with phenol in absence of hydrogen the oxygen of the 
molecule is taken up by the dioxide lattice in this way. 

After use for 5 or 10 hr. in the phenol-hydrogen reaction at 350''^ c., 
samples of molybdenum trioxide (not pre-reduced) showed high activities 
and the dark colour of the dioxide, but gave X-ray diagrams of MoOa 
only. The amounts of dioxide present were evidently too small to be 
recorded in the X-ray photographs, and the result shows that the activity 
is developed as soon as a thin surface layer has been reduced. 

Our thanks are due to Mr. J. L. Copp for carrying out preliminary 
experiments, to Dr. W. Hume-Rothery for facilities and advice in con¬ 
nection with the X-ray investigations and to Dr. E. F. G. Herington 
for helpful discussion. 

Summary. 

1. When molybdenum trioxide is used as catalyst for the reduction of phenol 
to benzene at atmospheric pressure, the activity-time curves for temperatures 
from 325° to 440® c. show an initial rise from zero to a maximum, indicating 
that the effective catalyst is formed from the trioxide by reduction. 

2. Samples of molybdenum dioxide prepared by complete reduction of the 
trioxide at 300° c. or 350° c. arc active when tested at 350° c. Dioxide similarly 
prepared by reduction at 450® c. is almost inactive at 330" c. X-ray examination 
shows that the active samples have the smaller particle size. 

3. Active dioxide is pyrophoric, inactive dioxide is not. Considerable 
quantities of oxygen are taken up by active dioxide on exposure to air, but the 
X-ray diagram is still that of MoOj without any M0O3 and the material remains 
catalytically active. 

4. Active dioxide after exposure to air reacts with phenol at 350° c. in absence 
of hydrogen. Molybdenum trioxide and inactive dioxide do not. The reaction is 
apparently a removal of oxygen from the phenol molecule by the catalyst with 
formation of benzene. The evidence is discussed and shown to favour the view 
that the catalytically active species in the reduction of phenol by hydrogen is moly¬ 
bdenum dioxide rather than molybdenum metal possibly present on the surface. 

Jesus College, 

Oxford, 



ABSORPTION AND FLUORESCENCE SPECTRA 
OF BIVALENT SAMARIUM, EUROPIUM AND 
YTTERBIUM. 

By F. D. S. Butement. 

Received 2'jth June, 1947. 

The absorption and fluorescence of the tervalent rare earths have 
been extensively studied, and correlated with their electronic configur¬ 
ations. Three rare earths, samarium, europium and ytterbium can also 
be bivalent, but the corresponding spectra have not been much studied. 

Absorption. —Butement and Terrey ^ measured the positions of the 
absorption maxima for aqueous samarous chloride solution, in the visible 
and ultra-violet. McCoy * found that a high concentration of europous 
chloride in water showed diffuse absorption at wave-lengths below about 
4480 A., and Ball and Yntema * found that aqueous ytterbous sulphate 
solution showed diffuse general absorption in the red. The ultra-violet 
absorption of these last two substances has not been studied. 

Fluorescence. Samarium and Europium. —The published data are 
somewhat conflicting and uncertain. The spectra have been studied by 
Przibram,^* ’ Karlik and Przibram,® Gobrecht,* and Eckstein.^®' 
Przibram’s final conclusions ’ were that bivalent europium on irradi¬ 
ation with ultra-violet light gave a violet fluorescence with a diffuse band, 
maximum about 4000 a., and bivalent samarium a diffuse red band, 
maximum 6300 a., a line spectrum with a red line at 6900 a. and others 
in the near infra-red. 

A similar fluorescence attributed by Gobrecht (loc. cit.) to EuCl* 
was explained as being due to contamination with SmCl,, and a similar 
cathodic phosphorescence spectrum, observed by Tomaschek and 
Deutschbein with calcium sulphate containing samarium (and attri¬ 
buted by them to Sm+++) was explained as being due to Sm++ formed 
during the electron bombardment. There is no direct evidence of the 
valency state of the samarium responsible for this fluorescence. 

Ytterbium. —Karlik and Przibram (loc. cit.) found that calcium 
fluoride containing bivalent ytterbium fluoresced in ultra-violet light, 
at — 180°, with a band maximum at 5700 a. 


Experimental. 


The absorption spectra were photographed from 9000-2000 a. on a Hilger 
medium spectrograph on the same plate as a series of calibration spectra, and 
the values of the molar extinction coeflicient c in aqueous solution deduced by 
the usual technique of photometric comparisons of plate blackenings. 

The e-values were plotted against wave number, P, in cm.~^, and the resultant 
curve® analysed into component bands, for each of which the value of the ab¬ 
sorption probability R, or number of classical oscillators ” per rare earth ion, 
was calculated from 


P 


1000 

'If ' 



Chem. Soc., 1937, 1112. 

* J. Amer. Chem, Soc., 1936, 58, 1577. * ibid., 1930, 53, 4264. 

® Z. Physik,, 1936, 103 , 348 ; Nature, 1935, IJK, 100. 

^Akad. Wiss. Wien, lla, 193 5,144, 141. 

• Nature, 1937, * 39 » 3*9. ’ Physik., 1937, 107, 709. 

^ Akad. Wiss. Wien, Ila, 1937, 208. ^Ann, Physik,, 1937, ^ 73 * 

Nature, 1938, 143, 256. ' “ ibid,, 1939, 143, 1067. 

Zi Physik., 1933, 83, 309. 
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where N = Avogadro’s nuihber, m = electronic mass, e = electronic charge, 
C = velocity of light. 

The aqueous solutions were used in a i cm.-thick quartz cell. Samarous 
chloride solution decomposes completely in a few min. according to the equation : 

CSmCl, + 4SmCl8 -f 2Sm(OH)8 + sHj. 

In order therefore to determine the actual concentration of solution when 
the spectra were photographed, a solution of known iritial concentration was 
made by dissolving powdered samarous chloride in water and a series of spectra 
photographed at known time-intervals after the preparation of the solution, 
while decomposition proceeded. 

By determining the absorption at a suitable wavelength, and assuming the 
validity of Beer’s law, a graph of the change of relative concentration with time 
was obtained, whence, by extrapolation to zero time at which the initial 
concentration was known, the concentration at each exposure could be calculated. 
The small amount of samaric hydroxide formed caused no appreciable absorption. 
Aqueous europous and ytterbous chloride solutions decompose fairly slowly so 
that the spectra could be photographed before any appreciable fall in initial 
concentration occurred. 

The europous chloride solution was prepared directly from a known weight 
of powdered material, the ytterbous chloride by electrolytic reduction of ytterbic 
chloride solution in o*i n. HCl, at a mercury cathode in the base of the absorption 
cell. The concentration of ytterbous ion produced was calculated by allowing 
the solution to stand i hr., until the reaction : 

6 YbClg -f 6 H, 0 -> 4YbCls + 2Yb(OH)8 -f 3H*, I 

was complete, and determining the volume of H* evolved by means of a micro-gas 
burette. The concentrations of the above three chlorides used were of the order 
of 0*01 M. 

Owing to the instability of aqueous bivalent rare earth chloride solutions, 
it was desirable to have a stable, solid material suitable for absorption-spectra 
measurements, such as a crystalline isomorphous chloride containing a small 
known amount of the rare earth uniformly dispersed in it. 

The following data given by Doll and Klemm and by Pauling and McCoy 
are relevant. 


Ba++ Sr^+ Sm++ Eu+^^ Yb + + 

Ionic radii, a. . 1*35 1*13 1*17 i*io 

Such materials were also desirable for fluorescence studies. 

Preparation. —A known weight of sodium, barium, or strontium chloride 
was fused in a platinum boat. Sufficient of the appropriate rare earth oxide 
was spread along the surface to yield a product containing o\5 % of bivalent 
chloride. The boat was heated at looo*' in HCl for 1 hr., and then in H, for 
4 hr. The temperature was then lowered to just above the melting point of the 
chipride used, and then reduced 50® per hour until well below the melting point, in 
order to allow growth of single crystals. 

NaCl 4 - SmClj: 

There was evidently no isomorphism, since the product was not homogeneous. 
The greater part of the material, crystallising first, contained little Sm, and 
was greenish-blue, suggesting that there was a slight excess of sodium in the 
NaCl, as in the similar well-known case of “ colour centres ” in NaCl crystals. 
Adjacent to this material was a small zone of light pink material containing 
more Sm++. A few small, irregular-shaped, but clear pieces were extracted for 
use. The last zone to solidify was deep red, contained most of the Sm, and was 
too opaque for use. 

BaCl, -f SmCl,: 

Unfortunately BaCl| is dimorphous with a transition point a little below the 
melting point. The product consequently was micro-crystalline, but of a uni¬ 
form, deep pink colour, indicating uniform dispersion of the Sm++. 

SrQ, -f SmCl,: 

This product crystallis^ excellently, and opticelly-clear cleavage blocks 
several mm. across were easily obtained. The colour was purplish-red, suggesting 

“J?. anorg. Chetn., 1939, 241, 239. »*/. Amer. Chem, Soc., 1937, 59, 1131. “ 
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that it is due to the red Sin++ colour Jilus a blue due to “ colour centres " caused 
by Sr (cp. NaCl + SmCl,). Barium, being more electro-positive than strontium, 
is evidently not reduced by the bivalent samarium. 

• BaClt -f EuCl, : 

Colourless, micro-crystalline. 

SrCl, -f EuCl,: 

Colourless, optically-clear crystals. 

BaCl, + YbCl,: 

Colourless, micro-crystalline. 

SrClt 4 - YbCl, : 

Colourless, not of good optical quality. 

For the excitation of fluorescence a 120-watt high-pressure mercury-vap>our 
lamp with filter transmitting from 2500-3700 a. was used. 


Results. 

Many of the spectra .show both diffuse bands and narrow lines, superimposed 
in the same spectral region. For clarity these two types are drawn and tabulated 
separately. 

SmGl2 in Water ; absorption.—The results are plotted in Fig. 1. There are 
heavy diffuse bands in the visible Bnd ultra-violet. The heavy curve gives the 
observed absorption, the light curves the resolution of this into separate bands 



Fig. I. 


whose sum almost exactly reproduces the observed absorption. There are 
also four weak narrow peaks superimposed. These are plott^ separately on a 
larger scale in Fig. 2 e. 
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Fig. 2. 

SmGljln NaGl; absorption.-—Owing to the irregularity of the, crystal frag¬ 
ments, only the relative values of the extinction coefficient on an arbitrary scale 
could be plotted. There were diffuse bands (Fig. 3 and Table II) and some weak 








620 ABSORPTION AND FLUORESCENCE SPECTRA 

lines or very narrow bands (Fig. 2 c and Table III). The light source also excited 
some weak fluorescence lines simultaneously (Fig. 2 d and Table IV). 

TABLE I.—SmCl, in Water. 

Absorption maxima, diffuse bands. Narrow weak bands. 



SmGl^ in SrCH^; absorption.—The diffuse bands were similar to SmCl* in 
NaCl. The relative values of the extinction coefficient are plotted in Fig. 4, 
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and the maxima tabulated in Table II. No weak narrow bands could be ob¬ 
served. A calculation of the approximate absolute value of the band strengths 
gave results of the same order of magnitude as for the aqueous solution. Visual 
observation showed no change in the width or intensity on cooling to liquid-air 
temperature. 


SniGl2 in BaGl^; absorption.— 

Owing to heavy scattering by the micro¬ 
crystalline material only the visible 
region could be studied. The diffuse 
bands were almost identical with those 
in NaCl. The weak very narrow lines 
or bands are given in Fig. 2 b and 
Table III. 

SmGl^ in SrGl2 ; fluorescence.— 

A brilliant diffuse band was present in 
the red, the range being about 6550- 
6900 A. with a maximum 6760 a. 
(14,790 cm.“^) (Fig. 5) and no narrow 
bands. 

SmGl2 in BaGl2; fluorescence.— 

A brilliant red fluorescence was ob¬ 
served. The spectrum showed : 

(i) weak blue lines ; 

(ii) strong orange lines ; 



Fig. 5. 


Fig. 6. 


Fig. 


Fig. 8. 


Fig. 


Fig. 10. 


and 


(iii) a very strong red line and four groups in the infra-red (Fig. 2 a 
Table IV) ; 

(iv) diffuse orange fluorescence, in the same region as the lines, ranging 
from 6200-6850 A. with a flat maximum at 6400-6700 a. (15,600-14,900 
cm.“^) (Fig. 6.) 


TABLE III.— Lines, or very Narrow Bands. 


SmClg in BaCl 

i ; absorption. 

SmCIg in NaCI; absorption. 

A .A. 

P . cnL“i 

A. A. 

? cm-~i 

6800 

14,706 



6755 

14,804 

— 

— 

5990 

16,694 

— 

— 

4975 

I 20,101 

— 

— 

4695 

1 21,299 

— 

— 

— 

— 

4452 

22,462 

— 

— 

4400 

22,727 

4120 

24,272 

4115 

24,301 

4098 

24,402 

4095 

24,420 

4075 

24.540 

4070 

24.570 


£uGl2 in water; absorption. —No infra-red or visible absorption was found. 
There are only two diffuse ultra-violet maxima, and a group of fbur evenly- 
spaced narrow bands superimposed (Fig. ii and Table V.) The solution was 
not fluorescent in ultra-violet light. 

£uGl2 in SrGla ; fluorescence. —A brilliant violet fluorescence, showing a 
smooth peak, maximum 4090 a. (24,450 cm.~^) was observed. Limits on long 
exposure were 3850-4400 a. (Fig. 7). No lines or infra-red fluorescence was 
found. 

£uGl2 in BaGl2 ; fluorescence. —Simlar to above, with maximum 4000 a, 
(25,000 cm.~^) and limits 3750-4450 A. (Fig. 8). No lines or infra-red fluorescence 
wa^ found. 
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YbClj in Water; absorption.—There was no infra-red absorption. Two 
heavy diffuse maxima were observed in the ultra-violet (Fig. 12) very similar 

TABLE IV.— Lines, or Very Narrow Bands. 


SmCls in BaClj; fluorescence. 


SmClg in NaCl; fluorescence. 



Fig. II. 


TABLE V.—EuCl, in Water. 


Absorption maxima ; diffuse bands. Narrow bands. 


A. A. 

p . cm.“‘ 

Px 10*. 

A. A. 

V cm.“* 

Px IO«. 

3205 

3 I, 2 CO 

6*2 

3230 

30,960 

0*56 

2480 

40,320 

31-2 

• 3205 

31,200 

0*76 




3180 

3 L 450 

2 ‘I 




3155 

31.700 

1 

2*7 


to europium, but no narrow bands were present. The solution showed no 
fluorescence in ultra-violet light. 
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YbGlj in SrClj ; fluorescence.—Very weak, smooth-peak maximum was 
obtained at 4020 a. (24,880 cm.-^) (Fig. 9). 



YbCl^ in BaGlj ; fluorescence.—A bright smooth peak in the violet, maxi¬ 
mum 4310 A. (23,200 cm.”^) with limits on long exposure of 4000-4600 a. 
(Fig. 10) but no lines or infra¬ 
red fluorescence were found. 

Discussion. 

All the results given may be 
attributed to the bivalent ions. 

The characteristic bands all 
disappear as the aqueous 
solutions are kept long enough 
for oxidation to occur, or the 
solid materials are fused under 
oxidising conditions. None can be correlated with any known tervalent 
bands. Two types of transitions may be expected for these ions : 

(i) 4/ -> 5^?, or 4/ -> 6 s, etc. 

(ii) Internal 4/. 

Type (i) should be diffuse, owing to the large perturbation of the 
external level by its environment, should remain diffuse at liquid-air 
temperature, and should have a P-value of 10to 10-**. The heavy 
diffuse bands of Sm++, Eu++, and Yb++ are obviously of this type. In 
the tervalent rare earths, such bands are usually in the extreme ultra¬ 
violet (e.g. Ce and Yb), or else beyond 50,000 cm.-^. Bivalent Sm, Eu, 
and Yb are all very readily oxidised to the tervalent state. This means 
that the binding energy of the 4/ electrons is abnormally low until one 
of them has been raised to a higher level or removed. When this has 
occurred the nuclear charge is sufficient to hold the remaining 4/ electrons 
firmly enough to prevent the exhibition of definite quadrivaleilce by any 
rare earth except cerium. 

Polarographic study by Noddack and Brukl has shown that Sm, 
Eu and Yb differ from the other rare earths in showing two well-separated 
reduction-potentials, corresponding to M+++ M++ and M+++ M. 

Sm : — I*720 and — 2-010 v. 

Eu : — 0-710 and — 2-510 v. 

Yb : — 1-430 and — 2-005 v. 


TABLE VI.— YbCl, in Water. 
Absorption maxima, diffuse bands. 


A. A. 

. cm.~i 

P X 10*. 

3520 

28,410 

5*1 

2460 

40,650 

27-5 


Angew. Chem., I 937 » 5 ®» 3^2. . 
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Qualitatively it is found that the temperature necessary to reduce the tri¬ 
chlorides to dichlorides increases in the order Eu, Yb, Sm, and that the 
rate of reaction of the dichlorides with water increases in the order Eu, 
Yb, Sm. The above facts mean that the type (i) absorption for Sm++, 
Eu++ and Yb++ should set in at a lower frequency than for tervalent 
rare earths, and that the frequency at which absorption begins should 
be lowest for Sm. This is precisely what is found. 

Until an analysis of the line spectra of these ions has been made, any 
correlation of individual bands with particular transitions must be very 
conjectural. The simplest case is Yb. The ground state of Yb++, 4/^* 
is ^Sq, and the excited states with one electron in or 6s will give 
^(PDFGH) and ^(PDFGH), If the transition (of high intensity) is to 
be “ permitted then AL = o or i, which would allow -> ^P and 
^ 5 o This may be the explanation of the two observed maxima. 

Eu++ is somewhat analogous. The ground state of Eu++ 4/’ is 
The excited states are formed by the addition of one or 6s electron to 
the system 4/®, and the lower terms of the resultant will be ^(PDFGH) 
and ^(PDFGH). The permitted transitions for the lower frequency part 
of the absorption should therefore be somewhat similar to Yb++, and this 
may explain the close similarity of the spectra. For Sm++ the configura¬ 
tions are more numerous. The ground state is ’JFo, and the lower excited 
states could be formed by addition of one ^d or 6s electron to the three 
low-lying states 4/*, *(HFP), which would give ’’{SPDFGHIK) and 
^(SPDFGHIK) so that possible permitted transitions are ’F to ®(Z)FG) 
and to ®(Z)FG) The spectrum should therefore be more complicated 
than for Eu++ or Yb++, as is the case. It will be noticed that the Sm++ 
bands become narrower as the solvent is changed in the order water, 
NaCl, SrClj (Fig. i, 3, 4). This may be ascribed to the rather random 
perturbations due to water molecules, the somewhat more uniform en¬ 
vironment of Sm++ in the NaCl lattice (which must however be distorted) 
and the very uniform environment of Sm++ in the isomorphous SrCl,. 
The general similarity of the three spectra show that any absorption due 
to Na or Sr “ colour centres in the crystals must be small. The fluor¬ 
escences are always at lower frequencies than the corresponding absorp¬ 
tions (Gurney and Mott).^® 

Type (ii), internal 4/ transitions, should give narrow line-like bands, 
and being forbidden " will be of low intensity (F ^ 10-®) in an asymmetric 
field. 

Ytterbium.—For Yb++, the 4/ shell is full, and Pauli’s principle ex¬ 
cludes internal transitions. Accordingly there should be no type (ii) 
bands and none could be observed. 

Europium.—Eu^^ should be isoelectronic with Gd+++. The narrow 
bands could only be observed under the conditions of greatest asymmetry 
(water), and not in EuCla in SrCl,. Compared with Gd+++ the frequencies 
for corresponding transitions should be, in general but not invariably, 
decreased. The most probable frequency shift should be, 

iJ(Eu++) /ZEu - aGd\ * 

?(Gd+++) ~ [zGd - oGd) ~ 

where Z = atomic number, the screening constant for Gd, a = 34*2, 
being used for Eu++ also. 

The Eu++ absorption group around 31,200 cm.-^ may be the analogue 
of the strongest Gd+++ group around 36,500 cm.“^. The symifietrical 
pattern of the band is probably due to splitting by the external field, a 
partial symmetry being provided by co-ordination of water molecules 
round the Eu++ ions. The splitting of several hundred cm. is the correct 
order of magnitude. 


1® Trans, Faraday Soc,, 1939, 35» 71. 
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Samarium.—Sm++ should be isoelectronic with Eu+++. The fluor¬ 
escence in BaClf does show a striking resemblance to that of EU+++ given 
by Gobrecht.* The red and infra-red spectrum falls clearly into five 
groups of lines, of which the one at 14,514 cm.“^ may be regarded as a 
transition from a 14,514 cm.~^ level to the ground state ’JFq, and the others 
as transitions from the same level terminating in the next four levels of 
the basic multiplet, viz. ’Fj, ’F,, ^F^. Using a screening constant 
equal-to that for Eu, a = 33*8, the theoretical separation of the ’F levels 
may be calculated from Goudsmidt’s formula and compared with the 
observed values obtained by subtracting the mean wave numbers of each 
group from 14,514 cm-^. 


Mean ?. cm.~i , 

Ap . obs. 

A 9 . calc. 

Lower Level. 

14.514 

_ 


’Fo 

14.245 

269 

228 


13,680 

834 

682 

’■p.- 

13.021 

1493 

1365 1 

’p'. 

T2,2i8 

2296 

2280 

’P4 


The throe orange lines may be similarly attributed to a transition from a 
level at 15,936 cm.”^ to the first three terms of the basic multiplet. 


p. cm.”i 

A 9 obs. 

Lower Level. 

15.936 


_ 


15.649 


287 

’p. 

15.095 


841 

’p. 


A similar group of lines is also shown by Eu+++. The agreement in Ap 
values between the two lots of observations is within the limits of experi¬ 
mental error. The above fluorescence is only shown in BaClg where there 
is some asymmetry owing to lack of good isomorphism. As is to be ex¬ 
pected, Sm++ in SrCla shows no line fluorescence, and Sm++ in NaCl (which 
consists mostly of separate SmCl, crystals dispersed in the NaCl) shows 
only some weak lines. 

Any detailed comparison of the absorption of Sm++ with Eu+++ is 
difiicult since probably only a few of the stronger Sm++ lines have been 
observed. It is impossible to look for weaker lines by increasing the 
concentration of material, since the superimposed diffuse absorption is 
so much stronger than the lines that to increase the absorption due to 
the latter 10 times would reduce the transmitted light perhaps 1000 times, 
requiring exposures beyond practicable limits. In addition most of the 
Eu+++ lines are so faint that probably not all have been recorded as yet. 
The strong group around 22,000 cm.~^ in aqueous solution may however 
be the analogue of the very strong Eu+++ group at 25,380 cm.-i. The 
triplet structure of this Sm++ band is too wide to be attributed to Stark 
splitting of the levels, but may be explained if the 22,650 cm.-i band is 
a transition from the ground state ’F©, to a level at 22,650 cm.-i and the 
other two bands are transitions from the ’F^ and ’F, levels to the same * 
upper‘level. 

The bands are too diffuse for accurate location of maxima so that the 
agreement with the other observed values is reasonable. Both the ^Fj 
and ’F, levels can have a considerable population at room temperature, 
for which kT 205 cm. -i. The first two bands also appear as lines 

Physic, Rev,, 1928, 31, 946. 
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in Sm++ in NaCl, at 22,727 and 22,462 cm.-^ AJf *= 265 cm.-i, in good 
agreement with the values deduced from fluorescence. As with fluor¬ 
escence, the strongest lines or narrow bands occur under conditions of 
greatest asymmetry (water), and Sm++ in SrCl, shows no hnes. The 
fluorescence around 22,200 cm.-^ in both BaCls and NaCl appears to be 


V . cm.-* 

Av. obs. 

Lower Level. 

22,650 

_ 

’fo 

22,270 

380 


21,790 

860 



the converse of the above process, complicated by level-splitting in the 
crystal field. ^ 5 

Summary. 

The absorption and fluorescence spectra of aqueous solutions of samarous, 
europous and ytterbous chloride, and some solids containing the bivalent ions 
have been measured, and the absolution probabilities for the bands calculated. 
The assignment of bands to possible electronic transitions is discussed. All 
three ions show heavy diffuse bands due to 4/-^ or 6s transitions, and Sm++ 
and Eu++ show narrow, weak bands which can be correlated with those of the 
isoelectronic Eu+++ and Gdrespectively. 

Chemistry Department, 

University of Aberdeen. 


SURFACE TENSION OF A REGULAR SOLUTION. 


By I. Prigogine. 


Received iith July, 1947. 


In a recent paper, ^ Guggenheim has calculated the surface tension of 
a regular solution. He obtained * 


y = ^ log^ -f 

X ^ a a 

= Vb + ^ log ^ - -mx,} 

a a a 


• (1) 


Eqn. (i) together with 

^ A ”1“ ~ I and -f- .^B * ^ • • • {2) 

permit the calculation of y, x\, x'j^ in terms of x^, x^, and yj. We 
can compare eqn. (i) with the experimental data for the system ether- 
acetone. 

As is evident from vapour-pressure data (Porter ®) and the boiling-point 
curve (Prigogine «), this system is a regular one. On the other hand, the 
surface tension of this system has been studied by Sutherland * at 288° k. 


^ Guggenheim, Trans.,Faraday Soc., 1945, 41, 150. 

* For the notation, see Guggenheim's paper. 

® Porter, Trans. Faraday Soc., 1920, 16, 339. 

* Prigogine and Defay, Thermodynamique Chimique, Vol. II (Lidge, 1946), 
p, 260. 

* Sutherland, Phil. Mag., 1894, 38, 188. 
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The values of the parameters for this system are : 


w = 450 cal. /mole 
Va — 19’I dyne/cm. (ether) 

The numerical evaluations have 
been carried out assuming either 
a simple cubic lattice (/ — §, m 
= t) or a close-packed lattice (I = 
i.m= J). 

Fig. I gives the values of x'^ 
as a function of x^. As expected, 
there is in the surface layer an 
excess of ether, due to its lower 
surface tension. The simple cubic 
lattice and close-packed lattice give 
quite similar results. Fig. 2 and 3 
give the surface tension of the 
system assuming a simple cubic 
lattice and a close-packed lattice 
respectively. 

The close correspondence be¬ 
tween calculated and observed data 
gives strong support for Guggen¬ 
heim’s statistical theory of surface 
tension. 

Summary. 

Guggenheim’s formulae giving the 
surface tension of a regular solution 
are compared with the experimental 
data for the system ether-acetone. 
The agreement is good. 


a = 30 A.* 

Vb = 25 dyne/cm. (acetone). 





Fig. 2,— Surface tension of the system Fig. 3. —Surface tension of the system 
ether-acetone. O—calculated points ether-acetone. O—calculated points 

(/ = f, m ^), X—observed points. (f = m = y, X—observed points. 
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ADDENDUM. 

By I. Prigogine and J. Narbond. 

Received July, 1948. 

Sutherland's values for the system ether-acetone used in the pre¬ 
ceding paper are rather ancient ( 1 ^ 94 ) ^.nd fragmentary. So we have 
taken new measurements at 288° k. and 303° k. The pure substances 
have been supplied by the Bureau des Etalons physico-chimiques de Bruxelles, 
The method used is the capillary-rise method and the details have been 
described elsewhere.* Our results are given in the Tables I and II and 
are compared with Guggenheim’s formula for the surface tension of a 
regular solution. 

TABLE I. — Surface Tension of the System Ether-Acetone at 288° k. 


Mole fract. 
acetone. 

y (Expt. values 
dynes/cm.). 

Y (Calc, 
simple cubic 
lattice). 

Deviation. 

y (Calc, 
close-packed 
lattice). 

Deviation. 


17*66 ±0*15 

_ 

_ 

_ 

_ 

0*217 

18*64 

i 8-57 

+ 0*07 

18-55 

0*09 

0*263 

18*78 

18*72 

+ 0*06 

18*70 

-f 0*08 

0*470 

19-30 

i9*3^> 

— 0*06 

19*56 

— 0*26 

0*580 

20*02 

20*07 

- 0*05 

20*21 

— 0*19 

0*669 

20*76 

20*63 

4“ 0*13 

20*84 

— o*o8 

0*799 

21*57 

21*64 

— 0*07 

2 I*8 o 

- 0*23 

0*912 

22*60 

22*56 

+ 0*04 

22*88 

— 0*28 

I 

2372 






TABLE 11 . —Surface Tension of the System Ether-Acetone at 303^ k. 


*B- 

Mole tract, 
acetone. 

y (Expt. values 
dynes/cm.). 

y (Calc, 
simple cubic 
lattice). 

].)eviation. 

y (Calc, 
close-packed 
lattice). 

Deviation. 

0 

15-78±o-i5 

_ 

_ 

_ 

_ 

0*217 

i 6-75 

16-75 

0*00 

16-74 

4- 0*01 

0*263 

17*02 

16*90 

-f 0*12 

16-95 

+ 0-07 

0*470 

17*49 

17-65 

~ 0*16 

17*80 

— 0-31 

0*580 

18*26 

18-25 

-f 0*01 

18*42 

— 0*16 

0*669 

19-15 

18*90 

4-0*25 

19-05 

4 - 0*10 

0*799 

19*80 

19*90 

— 0*10 

20*02 

— 0*20 

0*912 

2 I*o 6 

21*00 

4 - 0*06 

21*15 

— 0*09 

I 

22*01 

~ 

“ 


~ 


The agreement with Guggenheim’s formulae is surprisingly good, 
specially with a simple cubic lattice. 

We are indebted to Prof. Timmermans for his permission to publish 
these measurements which have been made in his laboratory. 

Universitd Libre de Bruxelles, 

FaculU des Sciences, 

Bruxelles, 


* Mme. Hennaut and L. Lek, Bull. Soc, Chim. Belg,, 1931* 40« X77. 




FRACTIONAL DISTILLATION* I. THE SELECTION 
OF TEST MIXTURES FOR ESTIMATING THE 
EFFICIENCY OF FRACTIONATING COLUMNS. 

By E. a. Coulson and E. F. G. Herington. 


Received 14th July, 1947. 

The method which has come into universal use for assessing the per¬ 
formance of laboratory fractional distillation equipment consists in the 
application of the Fenske equation‘to the results of test distillations 
performed, at total reflux, upon a suitable binary mixture.^ In the 
theoretical derivation of Fenske’s expression a number of assumptions 
regarding the test mixture, the fractionating equipment and the mode 
of operation must be made * but as usually applied the expression takes 
the form : 


where is the mol fraction of the more volatile component in the liquid 
flowing back from a total condenser into the top of the fractionating 
column, and x^ is the mol fraction of the same component in the contents 
of the still when a stationary condition has been established ; n is the 
efficiency expressed as the number of theoretical plates to which the column 
and boiler are equivalent and a is the volatility ratio, which is usually 
taken as a constant and independent of x. The volatility ratio as defined 
by eqn. (i) when w = i is seen to be the ratio of the molar fractions of 
the components in the vapour divided by their ratio in the liquid when 
the two phases are in equilibrium. 

The test mixture myst conform very closely to the requirements of 
ideality in both the liquid and vapour phases. For an ideal mixture 
at a given temperature 

. 

where pi° and are the vapour pressures of the more and less volatile 
components respectively in the pure states. But a as defined by eqn. (2) 
is in general a function of temperature, i.e. of x, the liquid composition, 
when a distillation is carried out at constant pressure, unless the molar 
latent heats of vaporisation of the pure components are identical. Hence 
the arithmetical or geometrical mean value of the vapour pressure ratio 
is commonly employed although a further and greater perturbation in a 
is often introduced by departures from strict ideality in the text mixture. 
In practice therefore it has often been customary to use experimentally 
determined values for a. 

The magnitude of the error in the estimated number of plates which 
may result in realisable cases, if n is great, from small uncertainties in 
the value of a is not always appreciated. From eqn. (1) by differentiation 
and rearrangement: 

A I r 1 /V 

” “ logeaL^t (l — Xt) x„(l — Xb) OL ^ 

and considering errors in n arising solely from errors in a it is clear that 

d« _ da , 

T a loge a. 

Test mixtures are usually chosen to have a close to, or less than, i*io 

^ Fay, Ann. Reports, 1944, 40 , 219, 

* See, for example, Robinson and Gilliland, Elements of Fractional Distillation 
(McGraw Hill, 1939), pp. 85-6. 


629 



630 FRACTIONAL DISTILLATION 

in order that the values of and Xf, which result when n is between 20 
and 100 will be suitable for analytical determination. Computations made 
from (4) show that if a is i-10 an error of o»oi in the value of a will intro¬ 
duce an error of 10 % in the values of n calculated from Fenske's equation, 
while if a is 120 the error is still 5 %. 

It appears that to reduce the uncertainty in values for a found ex¬ 
perimentally to ± o-oi has, in the past, been extremely difficult. Thus 
the values of a determined by Bragg and Richards ® for the system ethylene 
dichloride-benzene showed a variation of o-o6 about a mean value 1*07 
at 760 mm. and in consequence Carlson and Colburn * suggested that an 
a value derived from eqn. (2) above should be used by preference and 
until any observed variations from this value could be shown to be con¬ 
sistent with the thermodynamical requirements of the system. 

Test Fractional Distillations. 

Considerations such as these seemed to make it very desirable to devise 
a fresh technique for test fractionations and one which would permit 
the use of the Fenske equation in conditions where a is very nearly con¬ 
stant and its value determinable with the high accuracy appropriate to 
the purpose. 

A general expression for a in terms of thermodynamic quantities, 
deduced with the assumption that the vapours obey the ideal gas laws 
and that the volumes of the liquids are negligible compared with those 
of the vapours, is the following : 

= ... (5) 

which is a simple rearrangement of an equation given by us in a previous 
paper.® Since test mixtures are chosen to approximate closely to ideality 
in the liquid state their vapours will in general be even more closely ideal 
in behaviour and the expression given above, when restricted to test 
mixtures, requires little or no further justification. It may be mentioned 
here that Carlson and Colburn * have calculated that in the particular 
case of benzene-ethylene dichloride, deviations of the vapours from ideal 
gas behaviour cause the relative volatility to be only 0-3 % lower than 
the ratio px lp%t which is equivalent to a deviation in a of 0 003. 

In eqn. (5), AG® is the difference between the free energy of formation 
of an ideal solution and that of the actual solution (the “ excess free 
energy ") and AT, is the mol fraction of the component which has vapour 
pressure p^ in the pure state. A number of conclusions may be drawn 
from this equation. 

(а) If AG® plotted against exhibits a maximum, a minimum, or 
a point of inflexion, then at the corresponding value of N ,, eqn. (5) reduces 
to eqn. (2) and a = pi jp^ 

/ c)AG® \ 

(б) If AG® + o, then at one concentration at least j ^ will 

be zero, whereupon a will again = p\ jpt^ 

(c) An interesting test to decide whether experimentally determined 
a values are consistent with the thermodynamic requirements can be 
derived from eqn. (5). Rearrangement, substitution of — 'bNi, in place 
of <>^2 followed by integration with respect to Ni between the limits 
Ni o and yields 



* Bragg and Richards, Ind. Eng, Chem., 1942, 34, io88. 

* Carlson and Colburn, ibid., 1942, 34, 1553. 

* Coulson and Herington, J. Chem. Soc., I947» 597- 
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where is the value of AG® for the solution containing Ni^ moles of 

Ni, and a = ^ Clearly eqn. (6) can be used to calculate AG^^^ 

if the plots of loge pi^'lpt and of loge a each against are available. If 
= I, then the right-hand side of eqn. (6) is equal to zero and the 
left-hand side of eqn. (6) is then represented graphically by the total 
area between the log© a against and log© against curves. If 

this area be reckoned positive when log© a > log© Pi°Ip 2° and negative when 
log© pi° IP 2° < log© a, then the positive and negative areas must be equal. 
For example in Fig. i if the data plotted are self -consistent thermo^ 
dynamically the area ABC plus the area EGH should equal the area 
CDEF. This is a test which can be readily applied planimetrically or 
otherwise. The essential assumption involved in the derivation of eqn. (6) 
is that the vapours obey the ideal gas laws but it is only strictly applicable 
to an isothermal system. However, if the components boil at nearly 



Fig. I. 


the same temperature then this test for self-consistency of experimental 
results may be applied to isobaric data as will now be shown. 

The most general form of eqn. (6), which can be applied to isobaric 
data, may be derived from eqn. (5) by writing it in the form 


RT [log© a - logepiVp2l = 



where AH is the heat absorbed in the formation of one mole of mixture 
and AS is.the excess entropy of mixing corresponding to the excess 
free energy AG®. Eqn. (7) is true for any temperature T. Integrating 
between the limits Ni = o and Ni = Ni^ remembering T is a function 
of Ni yields 


i: -D- ■ - =c 

- [AH - TAS®] 4 - 1 ASEdr 

L Jr, 


= AG®. +I 


(8) 


where I 


= 1 ASBdr. 

Jr, 
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In the case of isobaric data, T, is the boiling point of the pure com¬ 
ponent 2 at the given pressure p while the boiling point of the solution 
containing moles of component i is at the same pressure. In 
the left-hand side of eqn. (8), loge a and loge/>i°//>a° sire the values of 
these quantities at the temperature T which is the boiling point of the 
solution containing moles of component i. 

Eqn. (6) and (8) differ by the term J. If — i, the limits of integra¬ 
tion for I are the boiling points of the pure components and the left-hand 
side of eqn. (8) is then equal to I. 

Some special cases may be considered. If the data are isothermal 
then 7 — 0 for all values of and eqn. (8) reduces to eqn. (6). If 
AG® = AH (see eqn. (14)), then A 5 ® = o for all values of N^, and the 
left-hand side of eqn. (8) is equal to AG®^i, which is zero when = i. 
Finally if the boiling points of the mixtures and components at constant 
pressure are all nearly the same, 1 will be small and eqn. (8) will ap¬ 
proximate to eqn. (6). It is under these conditions that eqn. (6) is applied 
in Part II. 

While the plot of AG® against may take various forms and 



may resemble actual heat of mixing curves (see Fig. 2), nevertheless 
\Tn~) ^ constant, when iV* o or i and provided the solutions are 

* /MGB\ 

not extremely non-ideal ^ ^ will not change very rapidly in the 


neighbourhood of o or i and furthermore, if the concentration range 
is restricted to a low value for either component, the variati<3h of the first 
term on the right-hand side of eqn. (5), namely will also be negli¬ 

gible because at constant pressure the boiling point will be sensibly that 
of the component in excess. Hence a should be nearly constant at a low 
concentration of one of the components even though the mixture may 
not be ideal and a + pi°Ip t""* 

If a test mixture is to be used at one end of its concentration range, 
as is suggested by the foregoing analysis, it is necessary next to consider 
the effect of errors likely to arise from the experimental determination of 
working compositions. When a physical measurement such as density 
or refractive index is employed for analytical purposes, there is an ap¬ 
proximately constant error in Xt and Xj, not dependent on actual values, 
i.e. dXf and dx^ are constant and eqn. (3) shows that dn is minimised 
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when is as much below 0*5 as Xf is above. This is the condition sought 
in the orthodox procedure. If, however, a colorimetric method of analys- 

d<v 

ing the test solution is used then in general — = constant = ± A' and 


from eqn. (3) it follows that 

—r- 

)ge aLl 


dn 


K 


loge 




K 


• da 


( 9 ) 


^6 a j 

and clearly dn is minimised when Xf and Xf, are both small. Here indeed 
it is advantageous to work at one end of the concentration range, and a 
similar argument applies if small quantities of the less volatile component 
are estimated colorimetrically. 

When that constituent of the binary test mixture present at low 
concentration which is estimated by a colorimetric method (e.g. thiophene 
in benzene-thiophene mixtures—see Part II) is the less volatile then the 
Fenske equation simplifies to 

n = —.(10) 

logo a 

where R is now the thiophene concentration ratio which is found directly 
by colour matching. By differentiation of (10) 

, dR ndoL , . 

dn --- - -j-. . . . (ii) 

R logo a a logo a 


By way of example, suppose a = i*io and dR — 0‘0^R (i.e. the colori^ 
metric estimation is accurate to 5 %) then the uncertainty in the number 
of theoretical plates amounts only to 0-5 plate (and is the same for all 
values of n). 

The positive advantages in using a test mixture at one end of its con¬ 
centration range are : first, loge a will remain sensibly constant and, 
secondly, the suitably modified Fenske equation yields 'an accurate value 
for n, provided R, the ratio of the concentration of the constituent in 
low concentration above and below the column, can be determined with 
reasonable precision by a suitable method. 

There remains to be considered the choice of component which shall 
be in excess. If a mixture shows the more usual deviation from ideality 
it .will tend to form a minimum b.p. azeotrope rich in the lower-boiling 
component, so that it would seem to be preferable to use a test solution 
containing excess of the higher-boiling component. However, if the 
deviations are much too small to provoke azeotrope formation it is a 
matter of indifference which component preponderates. The use of a 
test mixture containing a small proportion of the higher-boiling component 
is illustrated in Part II where the technique of using a dilute solution of 
thiophene in benzene as a test mixture is studied in detail. 


Relative Volatility and Heat of Mixing. 

It .will be of interest to consider the thermodynamic properties of 
solutions in relation to slight deviations from ideality and with particular 
reference to those binary liquid mixtures which have been used to measure 
theoretical plate equivalence and to express in some cases the divergencies 
of a from ideal values quantitatively in terms of measurable heats of 
mixing. 

That small deviations from ideality were of material consequence 
in this connection was appreciated by Beatty and Calingaert,* who pro¬ 
posed experimental methods of testing for ideality based on the application 
of the puhem-Margules equation. Griswold,’ however, has criticised 
these methods on the ground of their lack of sensitivity. 

• Beatty and Calingaert, Ind. Eng. Chem., 1934. 504 » 904. 

’ Griswold, Ind. Eng. Chem,, 1943* 35 » 247. 
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As is well known, two conditions which must be satisfied simultaneously 
before a solution can be ideal at all temperatures and pressures are 

A 5 , ~ o .(12) 

that is, there is no heat of mixing; and 

V .(13) 

that is, there is no volume change on mixing at any constant temperature 
or pressure. Here v is the partial molar volume of a component in solu¬ 
tion and V is the molar volume in the pure state. 

In general, for many close-boiling pairs chosen as test mixtures the 
molar volumes of the components will be nearly equal and eqn. (13) 
approximately satisfied. In these circumstances (12) should provide a 
useful criterion of ideality. Nevertheless, heats of mixing seem rarely 
to have been studied in connection with test mixtures. Complete data 
for the commonly used mixtures, benzene-ethylene dichloride and w- 
heptane-methylcyclohexane do not seem to have been determined, although 
in the case of the last mentioned Lecat * claims that there is a heat of 



mixing and formation of an azeotrope and some departure from ideality 
is shown in the values of a given by Griswold ’ which do not accord with 
eqn. (12). Baud • has published a value for the heat of mixing of benzene- 
ethylene dichloride at one concentration which indicates that this system 
is far from ideal. 

In those cases where eqn. (13) is obeyed but not eqn. (12), it follows 
that the conclusions reached earlier will generally be approximately 
true if AG® is replaced by AH and a can then be calculated from the 
vapour pressures of the pure components and the heat of mixing, since 
eqn. (5) now becomes : 

log, a = log^pjpt ■ N,INi = logtp,°IPi° - ^ 

Baud • has published a series of AH against curves, for mixtures 
of normal liquids, and some are of the types shown in Fig. 2. These 
will give rise to a against curves of the forms shown in Fig. 3 if the 
conditions under which eqn. (14) is valid are satisfied. 

An interesting system which has been studied in more detail is that 
of benzene-carbon tetrachloride. Although it has frequently been used 

• Lecat, Rec. trav, chint., 1926, 45, 620. 

• Baud, BiUl. Soc. Chim., 1915, 17, 329. 
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in the testing of fractionating equipment it is indeed so far from being 
ideal as to form an azeotrope containing 0-918 mol. fraction of carbon 
tetrachloride and boiling at 76-75° As the volume change on 

mixing has been found to be small and since also the molecular volumes 
of the components are not very different, it might be expected that eqn. 
{13) is nearly satisfied. Hence, experimental data for the system may 
be UwSed to test the applicability of eqn. {14). It is obviously convenient 
in this instance to use the heat measurements and the vapour pressures 
of the pure components to calculate a for the azeotropic composition as 
determined experimentally, which should, of course, equal unity. 

Taking the boiling point of carbon tetrachloride as 76-75° c. at 760 mm. 
(Young ^1) the vapour pressure of benzene at this temperature was cal¬ 
culated from the data of Willingham, Taylor, Pignocco and Rossini.^® 
Using these vapour pressures, was found to be 1-1095. 

AH for use in eqn. (14) should strictly be measured at the boiling 
temperature. The available measurements, which were made at room 
temperature, are those of Baud,* Hirobe,^*, Schmidt and Vold,^« and 
are plotted in Fig. 4 on such a scale that the geometric tangent at the 



• Baud, Bull. Soc. Chim., 1915 . *7* 329 (Temp. ^ 18 ° c.). 

X Hirobe, J. Sci. Tokyo, 1926, i, 155. 

♦ Recalculation from Hirobe's experimental values. 

Q Schmidt, Z. physik. Chem., 1926, 121, 221. 

□ Void, J. Amer. Chem. Soc., 1937 . 59 » 1515- 

carbon tetrachloride concentration 0-918 mole is inclined at an angle of 
approximately 45° to the axis. This permits the slopes to be found graphic¬ 
ally with most exactness. The values of Boissonas and Cruchard are 
not included as they do not appear to possess greater accuracy than earlier 
determinations. 

If the heat of mixing values of Baud and Schmidt, which agree well 
with each other in this range of concentration, are used to determine 
dAH/diV, at the azeotropic composition and the result is then used to 
calculate at)y means of eqn. (14) the value of a so obtained is i-ooi. The 
upper curve of Fig. 4 is approximately the mean of Hirobe’s, Baud’s, and 
Schmidt's measurement and yields by the same process a value for a of 
0-9996. Void's values, being less throughout, yield a = 1-02. 

Fenske, Quiggle and Tongberg, Ind. Eng. Chem., i932» 34 » 4^8. 

Young, Distillation, Principles and Processes (Macmillan, 1922), p. 52. 

Scatchard, Wood and Mochel, /. Amer. Chem. Soc., 1940, 62, 712. 

Willingham, Taylor, Pignocco and Rossini, J. Res. Nat. Bur. Stand., 1945. 
35 * 219. 

^♦Hirobe, J. Sci. Tokyo, 1926, I, 155. 

Schmidt, Z. physik. Chem., 1926, 2, 221. 

Void, J. Amer. Chem. Soc., I 937 . 59 » I 5 i 5 - 

Boissonas and Cruchard, Helv. Chim. Acta, 1944* ^1* 994- 
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Summary. 

The Fenske equation as used for measuriug the plate equivalence of fraction¬ 
ating equipment is discussed. Sources of variation in a (the volatility ratio) 
are considered and the errors which result in the estimation of n (the plate 
equivalence of a column) from a lack of knowledge of the true value of a are 
estimated. 

Assuming the vapours behave as ideal gases, a general equation connecting 
loge a with Py^, p^ and AGl^ and 'N^ is discussed where py, are the vapour 
pressures of the pure compounds at the temperature considered, AGE is the differ¬ 
ence between the free energy of mixing of an ideal solution and that of the actual 
solution, and iV, is the mol. fraction in the liquid of the component with vapour 
pressure p^ in the pure state. 

A test for the self-consistency of loge a again.st JVj data based on a thermo¬ 
dynamic argument has been developed, which shows that the algebraic area 
between the loge a and loge P\\Pt curves taken over the whole range N, ~ o 
to iVj - I should be zero. This test, which assumes only that the vapours obey 
the ideal gas laws and that the volumes of the liquids are negligible compared 
with those of the vapours, is strictly applicable only to isothermal data but may 
be used for testing values obtained under isobaric conditions provided the com¬ 
ponents and mixtures boil at nearly the same temperatures. 

Departures from ideality of test mixtures are considered and it is shown that 
by using solutions with a low concentration of one component the variation of 
loge a over the concentration range used should be small. It is recommended 
that in general the component in excess should have the higher boiling point, 
but in the absence of an azeotrope it is immaterial which is in excess. 

An expression is given for the accuracy with which the ratio of concentrations 
of the dilute component must be determined in order to estimate to any accuracy 
the plate efficiency. It is shown that colorimetric methods of analysis should 
readily yield an accuracy of at least 0*5 plat<i and that with such a method of 
analysis it is beneficial to work at one end of the concentration range. 

The systems w-heptanc-methylcyclohexane, ethylene dichloride-benzene and 
carbon tetrachloride-benzene are discUssed briefly in terms of the general 
thermodynamic equation. An approximate equation applicable in certain cases 
to the calculation of loge a from the heat of mixing is presented. 


FRACTIONAL DISTILLATION. 11. THE USE OF 
DILUTE SOLUTIONS OF THIOPHENE IN 
BENZENE AS TEST MIXTURES AND A COM- 
PARISON WITH MIXTURES OF BENZENE 
AND ETHYLENE DICHLORIDE. 

By E. a. Coulson, J. L. Hales and E. F. G. Herington. 

Received i/^th July, 1947. 

A suggestion that benzene containing a small percentage of thiophene 
would offer attractions as a test mixture was made to us in the first place 
by Mr. H. M. Lowe (of Dorman, Long and Co.). Such mixtures are avail¬ 
able in any quantity and might therefore be used to test equipment of 
any size ; and the determination of small thiophene contents has already 
received much attention and can be done very easily. That the use of 
such mixtures for the purpose suggested is feasible follows from a clarifi¬ 
cation already made of the problems raised by test-distillation procedure 
(see Part I) and the work now described was undertaken to secure necessary 
data and to provide detailed experimental methods. 

No examination of vapour-liquid equilibria in benzene-thiophene 
mixtures has been reported, although quantitative data derived from 
such a study would have an obvious bearing on the question whether the 
thiophene content of crude or of refined benzene can be economically 
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reduced by efficient fractional distillation. A parallel re-examination 
of the benzene-ethylene dichloride system has supplied evidence that 
the new vapour-liquid data are trustworthy, and that efficiency tests 
of one and the same equipment with the two mixtures give similar results. 

Experimental. 

Purification of Materials. 

Benzene. —A sample of benzene was prepared by fractional freezing from 
Analar benzene =■ 1*4987, which contained paraffins. It was cooled at 
— 18° c. until all but approximately 5 % by volume had solidified and the liquid 
remaining was decanted. The crystalline benzene was melted and re-frozen 
in this way 7 times successively, whereby the volume of liquid originally taken 
was reduced by i and its refractive index had reached i'5oii, asymptotically. 
The purified material was then fractionally distilled in a 25-plate column and 
the middle fraction [b.p. — 8o*i° c., — 1*5011, ^ = 0*8790(4)] was employed 

in the present investigation. Its thiophene content was approximately the 
same as that of the benzene employed as diluent in the colorimetric estimation 
of thiophene (see below). 

Benzene Used as Diluent in the Colorimetric Estimation of Thiophene. 

—Benzene for this purpose must contain the minimum of thiophene but need not 
be free from paraffins and was prepared by boiling Analar benzene with half 
its volume of a 20 % w./w. aqueous mercuric acetate solution. It then contained 
less than the maximum permissible thiophene concentration, i.e., less than 
0*000075 % S, as tested by French's colorimetric method.^ 

Thiophene.— A commercial*specimen was washed 3 times with 10 % aq. 
HCl ; then with 10 % NaOH solution and lastly with water prior to fractional 
distillation through a 50-plate column. The middle fraction (75 %, b.p. -- 
84*0° c.), used in the present work, had = 1*0647(0) and — 1*5286(5), 
values in good accord with those reported by FaWcett and Rasmus.sen.* 

Ethylene Dichloride. —The commercial material was fractionally distilled 
in a 25-plate column and after rejection of the first 20 % of distillate the re¬ 
mainder (b.p. 83*5° c.) had constant (1*4449(5)) and d^®( 1*2529(7)). 

Analytical Methods. 

Colorimetric Determination of Small Amounts of Thiophene in Benzene. 

—A discussion of the colorimetric methods available has recently been given by 
French ^ and the method employed in the present work was based on one he 
described. The colour-developing reagent consisted of a solution of o*oi % 
w./v. of alloxan in 90*5 d: o*5 % w./w. U,S04. The optimum colour is produced 
in benzene containing 0*001 % by volume of thiophene and the estimation of 
an unknown concentration is carried out in trial dilutions and by direct com¬ 
parison with a made-up standard of this strength. 

The accuracy of comparison was increased approximately 5-fold with the 
aid of a Duboscq tintometer. To compare the thiophene concentrations of 
two unknown solutions, they were first diluted, by trial, until after reaction with 
the alloxan reagent for 30 min. both developed colours matching visually that 
of the standard containing 0*001 % thiophene. Fresh samples of the unknowns 
at these dilutions were prepared, shaken and allowed to stand with the reagent 
as before in stoppered tubes, and then poured into the tintometer vessels. The 
relationship between depth of colour and concentration was sufficiently linear 
for Beer’s law to apply so long as the thiophene concentrations did not differ 
by more than lo %. Outside this range there are changes in hu, and the 
a'ccuracy of matching is lessened. 

Analysis of Benzene-Thiophene and Benzene-Ethylene Dichloride 
Mixtures by Density Measurement. —In Part I it was shown that a colorimetric 
method of comparing the thiophene contents of test-distillation samples would 
entail an uncertainty of 0*2 plates in the value calculated for the equivalence of 
the column if the thiophene estimations were sqbject to errors of 2 %. While such 
an accuracy is adequate for most purposes connected with the use or testing of 

^ French, J. Soc, Chem. Ind., 1946. I 5 " 23 - 

* Fawcett and Rasmussen, J, Amer, Chem. Soc., 1945 * ^ 7 t 1705* 
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fractionating columns equivalent to 20-60 theoretical plates, it is clearly insuf¬ 
ficient in the examination of samples from an equilibrium still, i.e., a one-plate 
apparatus. Analysis by density measurement has therefore been used in the 
determination of a (the volatility ratio) for the systems benzene-thiophene 
and benzene-ethylene dichloride over the full ranges of composition. 

The technique of density measurement was briefly as follows. A 6 ml. 
stoppered weighing-bottle with a 3 mm. diam. capillary neck carrying an etched 
mark was always weighed with the usual precautions (e.g. similar wiping of the 
bottles, application of buoyancy corrections, etc.), against an empty “ tare ” 
consisting of a similar bottle to secure reproducibility. The weighing-bottle 
was filled and emptied by the use of a glass tube fitted with a rubber, bulb at 
one end and drawn out at the other into a filament. It was cleaned before use 
with pure acetone and blown out with dry air. 

The filled bottle was supported in a thermostat bath maintained at 20*00° 
± 0*002° c. After 15 min. the liquid meniscus was brought approximately to 
the mark ; the fine adjustment was made by drawing a little liquid up the side 
of the capillary with a thin wire until the meniscus was slightly below the mark, 
the liquid was then allowed to flow slowly back and when the mark was reached 
excess liquid was removed from the capillary. The efficacy of the manipulative 

TABLE I.— Benzene-Thiophene. 


Mol. Fn., 
Benzene 
-- X. 


Vol. Fn., Benzene 

« I 

4^® Thiophene- — Mixture 

4 4 

1— X X* 

• + '* -Mb- 

Thiophene — Benzene 

4 4 

0*00000 

1*06470 

0*00000 . 

0*00000 

0*10036 

1*04392 

0*11147 

0*11193 

0*19712 

1*02440 

0*21635 

0*21706 

0*29807 

1*00453 

0*32320 

0-32409 

0*38928 

0*98703 

0-41753 

0-41835 

0-50335 

0*96562 

0*53264 

0*53366 

0*62002 

0*94432 

0*64726 

0*64839 

0*70462 

0*92928 

0*72845 

0*72940 

0*80397 

0*91199 

0*82181 

0*82253 

0*89681 

0*89619 

0*90717 

0*90765 

1*00000 

0*87904 

1*00000 

1*00000 


technique is illustrated by a comparison of two separate determinations of the 
weight of the standard volume of water, 6*02225 and 6*02217 g. made at the 
beginning and at the end of the work. Two density estimations were made on 
each sample and the mean value used in subsequent calculations. 

Measurements of density at different liquid compositions for both systems, 
and of refractive index, n^, in addition in the case of benzene-ethylene dichloride 
mixtures, were made. The samples were prepared in glass-stoppered tubes 
and, in weighing, a similar tube was used as tare. Buoyancy corrections were 
applied to the weights and the liquid. The results for the benzene-thiophene 
mixtures are shown in Table I. 

The values in the first column were calculated from weights of components 
and the molecular weights of benzene, 78*11, and thiophene, 84*13. The numerical 
values set out in the fourth column would be volume fractions if there were no 
volume changes on mixing. Comparison of columns 3 and 4 shows that devi¬ 
ations from strict volume additivity are but small. A plot of the values in 
column 4 against the corresponding differences between the values in columns 
3 and 4 finds convenient use in the calculation of the molar fraction of benzene 
in a mixture of unknown composition from the measured density. The method 
consists in first calculating the value of the expression (d^ thiophene—mixture) / 
thiophene—benzene), then finding with the aid of the plot the true volume 
fraction. The mol. fraction is then readily calculated. In Table II data for 
the benzene-ethylene dichloride system are assembled, based on a molar weight 
for ethylene dichloride of 98*965. 

♦ Afy = mol. vol. of thiophene, Mb = mol. vol. of benzene. 
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Calculations from the data reveal that volume changes on mixing are 
considerable. The values in columns i and 2 were fitted by the empirical 
expression 

X = 5'09754 - 6'57779 (<if) + 2-59659 (df)’ - 0-474 • • (i) 

which was used for the calculation of molar fractions of benzene in mixtures of 
unknown composition. 

Fractionation of Dilute Solutions of Thiophene in Benzene. —From the 
theoretical discussion in Part 1 it was concluded that the ratio (R) of the thio¬ 
phene concentration in the still contents to that in the liquid condensate flowing 
back into the top of the column, at total reflux, should be constant, provided the 
former concentration did not exceed i %. Experiments were made in order to 
test this conclusion. 

The fractionating column was i in. diam. and 2 ft. long containing 72 stainless 
steel gauze Stedman lenticular elements. It was jacketed with an electrical 
heater, and further protected against draughts by an outer glass tube. The 
boiler had a capacity of 300 ml. Mixtures of benzene and thiophene (0*075 to 
I % by vol.) were placed in the boiler. After flooding the column in the usual 
way, heat to the jacket and boiler was regulated so that an equal drip rate was 
maintained above and below the packing at a boil-up rate from the still of 


TABLE II.— Benzene-Ethylene Dichloride. 


Mol. Fn.. 
Benzene 

** X. 

4- 

20 

0*00000 , 

1-25297 

1-4449 (5) 

0*09768 

1*21103 

1*4500 

0*19347 

1*17135 

1-4550 (5) 

0*29815 

1*12927 

1*4607 

0*39690 

1*09081 

1-4661 (5) 

0*50399 

1*05039 

I-4721 (5) 

0*61957 

1*00813 

1-4786 {5) 

0*70389 

0*97829 

1-4835 

0*80099 

0*94471 

1-4890 (5) 

0*89672 

0*91263 

1-4948 

1*00000 

0*87904 

1*5011 


400 ml,/hr. These conditions were adhered to throughout. After 5 hr. of total 
reflux the taps at the column head and on the boiler were momentarily opened 
to flush out dead spaces and, after 2 hr., samples were drawn off into tubes cooled 
in ice. In an experiment in which, after taking samples at 7 hr., the refluxing 
was continued during a further 16 hr. and further samples were then taken, 
no significant difference was found between R for the two sets of samples. It 
was concluded that 7 hr. was long enough to ensure equilibrium with these dilute 
solutions. The results set out in Table III are for total reflux at barometric 
pressure. 

Clearly logio R is constant and when the volatility ratio (a) is known the 
plate equivalence of the still and column (n) can be found from any of the values 
of logio R set out above, since n — log,o R/logjo a (eqn. 10, Part I). 

Determination of the Volatility Ratio (a) for Benzene-Thiophene Solu¬ 
tions weak in Thiophene. —The most direct method of obtaining this ratio is to 
examine the liquid-vapour system by means of an equilibrium still over as wide 
a composition range as possible and obtain a, at the extreme compositions 
required, by extrapolation of the experimental results. In preliminary worW 
various types of equilibrium still were tried and found to suffer from the well- 
recognised failings which lead to non-reproducibility and lack of agreement, 
namely, fractionation of the vapours, entrainment of liquid, etc.** * The still 
designed by Gillespie * was much superior to others. 

* Othmer, Ind, Eng. Chem., 1943, 35, 615. 

* Scatchard, Raymond, and Gilmann, J. Amer. Ghent. Soc., 1938, 60, 1274. 

* Gillespie, Ind. Eng. Ghent. {Anal.)» 1946, 18, 575. 
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The boiler, was filled with benzene-thiophene solutions of suitably-chosen 
compositions. The immersion heater was regulated so that a boil-up rate of 
about 20 drops/min. was maintained but the first few drops of condensate were 
rejected since in most cases they contained a trace of moisture. Samples from 

TABLE III. 


Vol. % I'hiophene in 
Still G)iitents. 

Ratio of Thiopliene 
Cone. R. 

Logio R- 

0*075 

12*27 

1*089 

0*082 

12*42 

1*094 

0-158 

12*21 

1*087 

0*173 

12*31 

1*090 

0*243 

12*50 

1*097 

0*282 

12*50 

1*097 

0*382 

12*76 

1*106 

0*416 

11*98 

1*079 

0*545 

12*04 

1*081 

0*607 

11*79 

1*072 

0*776 

12*79 

1*107 

0*793 

12*31 

1*090 

0*955 

12*04 

i*o8i 

1*100 

12*12 

1*084 

Mean — 1*0894 
Stand. Dev. of 
mean = 0*0027 


the boiler and the condensate receiver were taken with the usual precautions, 
density, and hence mol fraction, was determined, and a was then calculated 
from the expression 

( 2 ) 


1 -- xj 1 — Xj, 


Here Xf is the composition of condensate in mol fraction of benzene and x,, that 
of the liquid in the boiler—see eqn. (i), Part I. 

The experimental values of logj^ a plotted against Xf, are shown in Fig. i. 



Fig. I.—Volatility ratios for system benzene-thiophene. 


The standard deviation in Xj, was computed from that of the density deter¬ 
mination (o*ooooo6 unit) to be 0*000032 mol fraction and independent of x^. 
Since Xt and Xi, are nearly equal, the standard deviation in logio a can be taken as 

V2 Standard deviation in x^ . . 

2*303 — ^b) ^ 


and increases rapidly when x^ tends to o or z. 
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Values of logio Pi^lPt at the b.p. of the components (/>x® and being the 
vapour pressures of the pure components) derived from the data of Fawcett 
and Rasmussen • are also shown in Fig. i connected by a straight line. 

Clearly, logio «is linear with mol fraction. It has already been seen (Table I) 
that the volume change on mixing is very small, while the molar volumes of the 
components at 20® c. (benzene, 88‘858 ; thiophene, 79*018) are not very different. 
It is probable therefore that this system will show the properties of a strictly 
regular solution and that 

AH == kNi,N^ .(4) 

where AH, the molar heat of mixing, = AG®, the excess free energy. Hence 
from eqn. (5), Part I, 

log, a =■ log. piVP,° - • • • <5) 

and log, a should equal log, pi'^lpt'^ at V* = 0*5. The two curves plotted in 
Fig. I cross at a point corresponding to a mol fraction of benzene — 0*485, so 
that the condition is nearly satisfied by the experimental values ; although the 
latter are not strictly isothermal as required by (5) above. 

The experimental values of log^o a and Xf, were fitted to the straight line, 

logio a = 0*063141 — 0*020013 ;r5 • • • (^) 

by the method of least squares, individual experimental values being weighted 
according to i/(standard deviation)* ; and the value of logj© a extrapolated to 

TABLE IV. 


Nominal Efficiency 
in Theoretical 
Plates, n. 

Standard Deviation in n. 

For A log, R = 0*02. 

For A log, R = 0*10. 

10 

0*21 

1*01 

20 

0*23 

1*01 

30 i 

0*27 

1*02 

40 

0*31 

1*04 

50 

0*36 

1*05 

60 

0*41 

1*07 


Xf, — 1 using Birge’s method ® is 0*04313, with a standard deviation of 0*00026. 
Since log^o a varies by only 0*00020 between thiophene contents of o and i %, 
it may be taken as constant over this range, as was indicated by the values of 
R in Table III. The corresponding value for a is 1*1045. 

Accuracy of Plate Equivalence Determinations with Dilute Solutions of 
Thiophene in Benzene. —Taking logic a — 0*04313 and from Table III, the 
mean value of logic R — 1*0894, the plate efficiency of the still and fractionating 

column used, n = ° — = 25*3 plates (standard deviation 0*15). 

logic a ^ ' 

It may be shown that the standard deviation in n, unde r the limitations 
considered, is given by Vioi*35(A log, i?)* 3*63 X io“* . n* and in Table IV 

are set out computed values of deviations to be expected in practical cases, 

taking A log, R ~ ^ — 0*02 (the accuracy to be expected in a single, deter¬ 
mination of logic ^ colorimetric comparison) or A log, R ~ 0*10 (for visual 
comparison). 

Volatility Ratio and Heat of Mixing in Thiophene-Benzene System. —As 

shown in Part I the areas intercepted between the lines plotted in Fig. i should 
be approximately equal since the data are substantially isothermal and it can 
be seen at once since the lines are straight and cross at a mol fraction (benzene = 
0*485) is the case—the difference being 7 % of the total. Moreover, 

using the data plotted in Fig. i and eqn. (6J in Part I, with AG® ^ AH, the 
calculated heat of mixing for a solution containing 0*47 mol. fraction of benzene 
is 4*0 cal./g. mol. (compared with 5*0 cal./g. mol. found experimentally). The 

• Birge, Physic. Rev., 1942, 40, 207. 
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experimental logjo a curve is thus not inconsistent with thermodynamic re¬ 
quirements. 

Volatility Ratios for the Ethylene Dichloride-Benzene System. —^Mixtures 
of ethylene dichloride and benzene have been extensively used in testing 
laboratory fractionating columns although doubts regarding the accuracy or 
self-consistency of published volatility ratios have not been resolved.’* • Casual 
inspection of the most recent data ® shows that they do not pass the test for 
thermodynamic consistency developed in Part I. 

In our re-examination of this system the experimental technique was the 
same as with benzene-thiophene mixtures and the results are plotted in Fig. 2 
(logio a against Xi). The standard deviation of logio a niay be obtained from 
eqn. (3) by insertion of 0*000045 for the standard deviation of x^ and is indicated 
at extreme points on the curve. While the log^o a-^6 curve has the same general 
form as that recorded previously.® application of the area-intercept test shows a 



Fig. 2. —Volatility ratios for system benzene-ethylene dichloride. 
Standard deviation shown by the length of the vertical line. 


difference amounting to only 4 % of total area, which may be taken as satis¬ 
factory. 

The Supposed Ideality of the Ethylene Dichloride-Benzene System. —It 

has been suggested ® that this system, frequently quoted as an ideal one,'® 
actually owes its properties to opposing heat and entropy effects. There is 
strong evidence that this is the case. The volume change on forming an equi¬ 
molar mixture is approximately 15 times that observed with a mixture of benzene 
V 

and thiophene ; i.e,, X 100 is 0*30 against 0*0195 for benzene-thiophene, 

where is vol. change per mol of mixture and Vq the volume of unmixed 
components. It is to be expected, therefore, that the entropy change on mixing 
may not be equal to that for an ideal solution, i.e. AG® + AH. The molar heat 
of mixing, at 0*26 mol fraction of benzene, has been reported " as 17*5 cal./g. 
mol. at 15-20° c. and a redetermination gave a value of 13 cal./g. mol., which 
confirms the magnitude of the heat effect. However, AG® obtained by calculation 
from eqn. (6) Part I, is only 4*9 cal./g. mol. so that 7 'AS® — 12*6 cal./g. mol. 
In short, | AG® | < | AH | and | AG® | < | TASe |, and the behaviour of the 
system is more nearly ideal than would be expected from considering the 
magnitudes of the excess heat or excess entropy of mixing separately. 

Determination of Plate Equivalence of the Column and Still with an 
Ethylene Dichloride-Benzene Mixture. —As the use of a benzene-thiophene 
mixture for measuring fractionating efficiency has novel features, a direct com- 


’ Carlson and Colburn, Ind. Eng. Chem., 1942, 34, 1533. 

® Bragg and Richards, ibid., 1942, 34 , 1088, 1533. 

* Glasstone, Text-book of Physical Chemistry (Macmillan & Co. Ltd.), i 947 * 7 ^ 1 * 
'® Guggenheim, Trans. Faraday Soc.^ I 937 » 33 f 
“ Baud, Bull. Soc. Chim., 1915, 17, 329. 
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parison of the method against the orthodox procedure with ethylene dichloride- 
benzene mixtures was desirable. By employing one and the same fractionating 
equipment the comparison is limited strictly to the behaviour of the two mix¬ 
tures. 

The test distillations were carried out in the usual way but analysis of the 
samples was by refractive index (the still-head .sample was too small for analysis 
by density) the mol fraction being determined from a plot of the refractive 
index-mol fraction data assembled in Table II. 

Calculation of the plate efficiency was made algebraically from the Fenske 
equation by a stepwise procedure, the appropriate value for log^o a at each step 
being taken from Fig. 2. The results for four separate determinations are set 
out in Table V. 

TABLE V. 


Xb . 

Xi . 

n. 

0-1385 

0*725 

27*51 

0*2595 

0*8226 

27*21 

0-3985 

0*8925 

27*28 

0-3433 

0*868 

27*20 

jMean ~ 27*30 
-j Stand. Dev. of 



Imean ~ 0*07 


The agreement of these values among themselves, embracing as they do a 
good range of concentrations, is satisfactory support for the a values obtained 
with the equilibrium still. The difference in the rating of the still and column, 
27*3 plates with ethylene dichloride-benzene against 25*26 with benzene-thiophene, 
is significant and is inherent in the theoretical plate concept. 

Scope of Benzene-Thiophene Test Mixtures. —^Working between concen¬ 
trations of I % and 0*001 % thiophene, in the boiler and at the still head, the 
maximum fractionating efficiency which it is convenient to estimate by the 

technique outlined is clearly the equivalent of (== 69*5) theoretical 


plates. 

Preparation of a Test Mixture from Crude Benzole. —A commercial 
sample of No. i benzole of n'^ i’4995. and containing 0*17 % by vol. of thiophene 
gave a normal colour test with the alloxan reagent. When, however, it was placed 
in the 25-plate fractionating equipment the colour reaction of a sample taken 
from the still head after a period of total reflux was abnormally yellow and clearly 
the No. I benzole contained some light component which interfered with the 
alloxan-thiophene estimation. This contaminant was removed by first frac¬ 
tionating the benzole with the column and rejecting the first 20 % and the last 
10 % ; the middle fraction was refractionated and the first 50 % of distillate 
rejected again. The residue in the still now contained 0*18 % of thiophene 
and, after allowing a period of total reflux, samples were taken from the still 
head and the boiler and the ratio of thiophene contents was determined colori- 
metrically, as in previous test distillations. From this ratio the efficiency of 
the still and column was calculated to be equivalent to 24*8 theoretical plates 
—agreeing well with the results of tests made with mixtures of pure benzene 
and thiophene. 

Purification of Benzene from Thiophene by Fractional Distillation. —To 

reduce substantially the thiophene content of an impure thiophene-containing 
benzene, by fractional distillation alone, would require equipment of consider¬ 
able effectiveness. An approximate calculation on the basis of the volatility 
ratio as now determined, i.e., logjo a = 0*04313, indicates that a stripping column 
equivalent to 70 theoretical plates run at a very high reflux ratio would furnish 
from 100 parts of benzene containing o*i % thiophene, 90 parts of benzene wdth 
a thiophene content reduced to o*ooi %. In practice, many more plates would 
be necessary to get this result. 


Thanks are due to Mathematics Division, National Physical Laboratory, 
for derivation of eqn. (i), giving mol fraction in terms of density for benzene- 
ethylene dichloride mixtures and for preparing an interpolation table. 
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The work described in Parts I and II forms part of the programme 
of the Chemistry Research Board and is published by permission of the 
Director, Chemical Research Laboratory. A preliminary report on the test 
for consistency of data on the volatility ratio (Part I, Fig. i) has appeared 
elsewhere.^* 

Summary. 

The volatility ratios of the components in binary mixtures of benzene with 
thiophene and with ethylene dichloride have been measured through the entire 
concentration ranges and the results have been expressed graphically. The 
measured volatility ratios are shown to be consistent with thermodynamic 
requirements. The benzene-thiophene solutions are not ideal, but approximate 
to “ strict regularity *’ as defined by Guggenheim and Fowler. 

If a colorimetric method of analysis is adopted solutions containing less 
than 1 % of thiophene in benzene can be used to determine the plate equivalence 
of fractionating columns with efficiencies up to 65 plates (probable error less 
than 0*3 plate). The method may be used for both laboratory and large scale 
fractionating equipment since a fraction from No. i benzole can be employed 
as the thiophene-containing benzene solution. 

The data for the thiophene-benzene system can be used to estimate the 
plate efficiency required to prepare a benzole fraction of any chosen thiophene 
content from a crude benzole. 

Chemical Research Laboratory, 

D.S.l.R,, 

Teddington, 

Middlesex, 

i^Herington, Nature, 1947, 329. 


AN AMPLIFIER FOR USE WITH CONDUCTANCE 

BRIDGES. 

By D. J. G. Ives and R. W. Pittman. 

'Received 2'yrd July, 1947. 

The use of high-gain audio-frequency amplifiers with null-point 
detectors for conductance measurements is attended by difficulties which 
limit sensitivity, so that increase of amplification beyond a certain point 
may defeat its own object. Interference is outstanding as such a diffi¬ 
culty. It mainly occurs because of the interception of stray fields by the 
bridge network but may also arise in the amplifier Itself. The effects of 
such interference are commonly reduced by screening, earthing and the 
use of discriminating detectors, such as the ear or the cathode ray oscillo¬ 
graph. The use of frequency discriminating networks of the type recom¬ 
mended by Jones and Bollinger ^ has been considered and found to be 
unsatisfactory in many respects. In particular, such networks should 
be in a part of the circuit where the power-handling requirements are 
small, and will not therefore deal with interference arising in following 
amplification stages. If, contrary to this, the network is placed in the 
output stage of a high-gain amplifier, very grave deterioration of stability 
will occur. The construction of non-standard components of rigid 
specification is, perhaps, the decisive disadvantage. 

Earthing requires particular care, since it may well aggravate the 
trouble by convepng interference to the amplifier by cathode, as well 
as grid, swing. Large differences and fluctuations of ^tential may occur 
between various connections commonly used for earthing, and it is there- 

Amer. Chem. Soc, 1929, 51, 5413. 
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fore essential to use only one earth ** for all sections of the bridge and 
its ancillary equipment. Even when all these precautions have been 
taken as far as possible, interference still remains as a standing obstruction 
to the achievement of high sensitivity. 

An alternative method of attack on the problem was suggested by 
the balanced valve voltmeter described by Hartshorn,* It consists of 
the duplication of part, or all, of the amplifying equipment, so that two 
amplifying channels become available. One of these channels, the signal 
amplifier, is supplied with the required signal from the bridge, together 
with its inseparable interference. The other channel, the balancing 
circuit, is fed with interference alone, deliberately collected by an aerial 
system in the close vicinity of the bridge. At some stage in the amplifier 
before the final output, these two channels are mixed in such a way that 
self'Cancellation of the interference occurs, leaving the signal unobscured. 
The full circuit diagram of an amplifier incorporating this device is shown 
in Fig. I, which requires no detailed explanation. The aerial, W, consists 
of a few feet of insulated wire hung above the bridge. The controls X, 
Y and Z of the balancing circuit are mutually dependent in adjustment. 




Fig, I. 
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so that any one of them may be used to tune the interference noise to a 
minimum, which, under favourable conditions, may be quite sharp. The 
control of the magnitude and phase of the interference input is critical ; 
quite different settings of the controls X and Y are required according to 
whether adjustments of the bridge itself, or of the associated Wagner 
earthing circuit is being made. As shown, the amplifier feeding a small 
loudspeaker appears to be sensitive to a few microvolts at 1200 to 5000 
cycles and allows a bridge-setting to be made with a precision of the 
order of two parts per million, a limit which was found to be unapproach¬ 
able, under the local conditions, with a “ straight ** high-gain amplifier. 

* Radio-frequency Measurements, 1941, 90. 
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It is probable that improvements in the circuit could readily be made in 
fairly obvious ways, but in its present form the amplifier has been found 
an indispensable component of a sensitive bridge, and may possibly have 
other applications. 


Summary. 

An amplifier for use in conjunction with conductance bridges is described, 
sensitive to a few microvolts of audio-frequency potential. It incorporates a 
device for suppressing interference and is particularly suitable for measurements 
of high precision under unfavourable local conditions. 

Birkbeck College, 

E.C.4. 


PHYSICO-CHEMICAL PROCESSES OCCURRING 
AT HIGH PRESSURES AND TEMPERATURES. 
PART I. INTERACTION BETWEEN TRINITRO¬ 
TOLUENE AND AMMONIUM NITRATE. 

By John L. Copp and A. R. Ubbelohde. 

'Received iith August, 1947. 

When a shock wave passes through a system, there is a local rise of 
pressure and temperature at the front of the shock wave. If a system is 
composed of molecules which decompose on heating, with liberation of 
energy, a shock wave which is sufficiently intense can lead to extensive 
thermal decomposition, and the energy liberated can maintain detonation. 

A detonating system is characterised as a chemical reaction, that 
results in the rapid release of energy in a form capable of doing work on 
its surroundings. For detonation to be set up in an aggregate of complex 
molecules, such as organic nitro-compounds, it is essential that in con¬ 
sequence of a suitable applied stimulus, the molecular units undergo a 
rapid, exothermic, self-propagating reaction. The conditions for deton¬ 
ation to be stable will not be discussed here, except to point out that the 
release of energy in such a reaction must be so rapid that the product 
gases, as formed, are driven in the direction of propagation with adequate 
mass-flow velocity, and that detonation is then manifest as a sharp 
increase in pressure and temperature at the boundary between the un¬ 
exploded and exploded material, which moves through the mass of the 
explosive with a velocity of the order of several km./sec. 

Stable detonation was first treated theoretically as a problem in hydro¬ 
dynamics, by assuming that an actual discontinuity of temperature and 
pressure occurred at the head of the detonation wave. By solution of 
the equations of conservation of mass, energy and momentum across 
the discontinuity with respect to pressure and temperature, together 
with the Hugoniot equation, Chapman ^ and Jouguet * provided an 
adequate treatment of an infinite plane wave of detonation in a perfect 
gas, in which the detonation velocity was determined solely by the initial 
and final states of the molecules reacting, and was independent of the 
rate of chemical decomposition. This treatment proved inadequate when 
applied to velocity data for detonation in solid and liquid systems, for 
two reasons. 

^ Chapman, Phil. Mag., 1899, 47, 90. 

* Jouguet, J. Math., 1905, 1, 347. Mecanique des Explosifs, Doin (Paris, 

1917). 
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(i) It did not account for the very general linear relation which is 
found to hold between detonation velocity D and the loading density d 
of such systems. Becker,* Schmidt * and other workers have shown that 
the hydrodynamic treatment of detonation accounts for this linear de¬ 
pendence, when it is assumed that the gaseous products of detonation 
conform to the Abel equation of state, p{V -- b) — RT, where 6 is a 
covolume term, i.e. when allowance is made for the finite volume occupied 
by the molecules. Abel’s equation in essence corresponds with van der 
Waals’ equation at high temperatures. 

(ii) Experimental velocities of detonation are not in general deter¬ 
mined solely by the nature of the explosive and its loading density, but 
are dependent for example on factors such as the radius, material, and 
thickness of cylindrical tubes surrounding the explosive charge. This 
fact indicates that the energy release, which accompanies thermal de¬ 
composition of explosive molecules in the front of a plane detonation wave, 
does not occur instantaneously. 

To account for the effects observed, various physico-chemical con¬ 
ditions may be investigated which control the thermal decomposition 
and rate of energy release from molecules of explosive. In fact, the 
experimental study of velocities of detonation, and their dependence on 
the above factors, can be used to investigate the physical chemistry of 
reactions at high temperatures and pressures, provided the data are 
sufficiently refined to permit calculations of the deviations from the simple 
theories of Chapman, Jouguet, Becker, and Schmidt. 

The experimental methods and calculations described in this paper 
involve systematic measurements of the influence of the boundary con¬ 
ditions on the detonation velocity of charges of finite radius. They were 
evolved concurrently with theoretical considerations due to Sir Geoffrey 
Taylor, Dr. H. Jones,® Dr. Devonshire, and others, during the period 1942- 
1945. A brief and rather simplified review of the formulae used is as follows. 

The Effect of Boundary Conditions on the Detonation Velocity 
of Charges of Finite Radius. 

Behind the very steep pressure-temperature gradient at the front of 
a detonation wave, the molecules of explosive are activated by random 
collisions, by the collisions due to mass flow in the hydrodynamic shock 
wave, and possibly by radiation. As a result, they decompose exothermic¬ 
ally during a small but finite time interval 1, after which the reaction 
products may be considered as in thermodynamic equilibrium. A 
“ reaction-zone thickness " X may be defined by the relation X == Dt. 

The essential feature of any theory which discusses the relation between 
an observed detonation velocity D and the boundary conditions of the 
charge is that owing to the high pressures behind the detonation front, 
the products of detonation will expand laterally. 

If this expansion is at all appreciable during the reaction time t, it 
will modify the detonation velocity, because (i) part of the energy released 
is used up in producing the lateral expansion, and does not therefore 
contribute to propagation of the detonation wave, and (2) the peak 
temperature and pressure are lower than when lateral expansion can be 
neglected. 

Dimensional considerations indicate that the ratio, where 

is the detonation velocity when lateral expansion is negligible, will be a 
function of where is the expanded charge radius at the end of 

the time i, and R is the initial charge radius. 

• Becker, Z. Schiess. Spreng., 1932, 27, 226. 

•Schmidt, ibid., 1935, 30, 364 ; 1936, 31, 8, 37, 80, 114. 

• Jones and co-workers, Ministry of Supply Reports, 1941. 1943/ I 944 » 

(Since writing this paper part of the theoretical work has been published, Proc. 
Roy. Soc. A, 1947, 415). 



648 HIGH PRESSURES AND TEMPERATURES 

The rate at which the lateral expansion can occur will depend on the 
nature of the confinement at the surface of the charge. The actual 
relationship between the observed detonation velocity and the confinement 
at the surface is rather complex, owing to the complex factors which 
control the rate of expansion of a charge of explosive after detonation. 
The problem can be simplified in three cases. 

(i) “ Bare Charges,” for which the rate of lateral expansion of the 
products of detonation is determined merely by the movement of the 
shock waves in the hot gases, and in the atmosphere surrounding the 
charge. 

In this case it has been shown * that 

(Do/D)> = I -f gl^mXIR) - I]. 

The function ^ takes the form 

iKXIR) = 37/2o[i - XjR cot &] 

with B given by 

XjR — 34/37 [sin 9/(1 + cos VStf)]. 

When XjR is small, as in the practical applications below, the plot 
of (Do/D)* or (i/D)* against ijR gives a straight line, from which X is 
evaluated by numerical solution of the above equations. 

(ii) Charges with ” Laminar ” Cases. —When the casing of a charge 
is sufficiently thin, and is of comparatively high density, the rate of 
lateral expansion of the products of detonation is determined by the rate 
at which this thin (laminar) casing can be pushed outwards. In practice, 
this refers to thin casings of metals such as steel. If S is the mass of 
the case forming the boundary, per unit surface area of the charge, it 
has been shown® (Dq/D)* =: i -f gl^X^dJRS where d is the density of 
the charge. 

Here again a linear plot should be obtained between i/D* and i/R, 
but the constants of the linear equation involve A in a different way, 
and furthermore they depend upon the experimentally accessible variable 
5 . Qualitative confirmation of this dependence was obtained (Fig. 2) 
but the data have not been used for quantitative computation of X, 
since it is difficult to obtain precise experimental criteria to show that 
the casing behaves as a true ” lamina.” 

It was however possible to test experimentally how thick the casing 
had to be to attain limiting condition (iii). 

(iii) Thick Cases. —These are taken as being so thick that the shock 
wave, which is set 'up in the casing material owing to the compression 
of its internal wall by the expanding gases, does not reach the outside 
of the case within the time t, A satisfactory experimental test is that 
further increase in the thickness of casing material makes no further 
difference to the relation between D and i?. In this instance the internal 
wrall of the case merely bulges outwards by compressing the casing material. 
There is no mass motion of the case as a whole during the reaction time J. 
As a first approximation, where XfR is small, and B the angle between 
the expanded inner wall and its original direction is small (cf. Fig. i (h)), 

(^)* = I + 9^^ (tan B)/ie 

or !/£>»= i/£>o» + 9£)/(tan . . (3) 

Values of the expansion angle B have been calculated for various metals 
from Bridgman's compressibility data* (which however refer to static 
pressures), assuming expansion pressure of the order of lo® kg./cm.*. 
For purposes of extrapolation the coefficients, determined by Bridgman 
for the equation for solid substances 

(^0 ~ V)IV, ^ap^bp* . . . . (4) 

• Bridgman, The Physics of High Pressures (Bell & Sons, London, X931). 
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were substituted in the equation of state obtained by Bridgman for liquids 
(Vo - V)/Vo - (a* loge (I -f 2bp/a)}/2b. ■ . . (5) 

Eqn. (5) is equivalent to eqn. (4) over the range of data obtained by 
Bridgman, but is more satisfactory for extrapolation. 

The extrapolation from 12,000 kg./sq. cm. (the maximum pressure 
recorded by Bridgman) to 100,000 kg./sq. cm. (the approximate pressure 
set up by shock waves in the charge casings) involves a compression which 
is about 200 % of that from o to 12,000 kg./sq. cm. Possible differences 
between static compressibilities obtained by Bridgman, and the dynamic 
compressibilities involved in the compression of the inside of thick metal 
casings during detonation are ignored, since no experimental values of 
dynamic compressibilities are yet available. The important point to notice 
about this expression is that the relationship between D/R and i/D^ 
is of the same form for all metals : only the constants vary. A similar 
relationship between D/R and i/D^ (or between i/R and i/D^, since in 
the cases investigated D::^Da) had in fact been obtained by us by a 
semi-empirical argument, and liad been confirmed experimentally, before 
the detailed theory was available. 

For evaluating experimental data (i) the fact that a linear relation¬ 
ship between i /R and i jD^ is predicted for bare charges, and for heavily 
confined charges a linear relationship between D/R and i/D^, is of great 
convenience in permitting linear extrapolation to R ^ co, so as to 
evaluate Dq. This linear relationship is however so general that it cannot 
be regarded as a complete test of any detailed theory of the effects of 
boundary conditions on observed detonation velocities. On the other 
hand, if the values of t, calculated by a particular theory from the ap¬ 
propriate constants for very different boundary conditions, arc in reason¬ 
able agreement, this may be regarded as strong support for such a theory, 
(ii) To obtain the maximum spread of experimental data from which to 
establish the line of clo.sest fit, for the plot of i /D® against i /R for bare 
charges, or of i/D® against D/R for heavily confined charges, rather small 
values of R (below i cm.) would be preferable. On the other hand with 
man^^ explosive mixtures, for which the reaction time 1 is of greatest 
interest, cast charges of uniform composition, and stable detonation 
can only be obtained under a wide range of boundary conditions, for 
rather large values of R (above 3 cm.). 

Since it is essential to make measurements under stable conditions of 
detonation, large charge radii have been used in much of the work 
described below. Although space restricts a discussion of the experi¬ 
mental tests used, a " stable detonation wave ” is one which continues 
to travel over any length of a uniform charge without acceleration or 
■“ fading." Experimental tests ha\e been made to verify that this con¬ 
dition holds for all the detonating systems described below, for lengths 
of charge up to 20 charge diameters or more. 

The use of charges of large radii limited the methods of timing the 
velocity of the detonation wave. With the charges of from 2 to 7 lb. 
of explosive which were used, only the Dautriche method was applicable 
at the time the experiments were carried out. The resulting limitation 
on the accuracy of the individual data is discussed below. 

Experimental. 

Detonation velocities of cast explosive charges were determined by the method 
first described by Dautriche.’ In the technique adopted in our experiments, 
the mid-point of a length of cordeau detonant, of known detonation velocity V 
in m./sec. is placed over a fiducial line scribed on a lead strip 30 x 10 x 0*75 cm., 
and about 25 cm. of the fuse is fixed along the axis of the lead strip by adhesive 
tape. The free ends of the fuse are inserted in two holes drilled in the charge 

’ Dautriche, Compt. rend., 1906, 143, 641. 


23 
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to a depth equal to the charge radius, and any convenient distance L cm. apart. 
A special cordeau containing P.E.T.N. manufactured by Messrs I.C.I. was used 
in many firings. It was found to be preferable to cordeau containing powdered 
T.N.T. for "picking-up " from feeble detonation waves, e.g. in the mixtures of 
T.N.T. with inert fillers. On firing the cylindrical charge from one end, a 
detonation wave is set up in the explosive column, and after travelling a short 
distance determined by trial, it proceeds down the column with a constant 
velocity of D m./sec., the detonation velocity. Detonation is set up in the two 
ends of the fuse with a time interval between the events of L/Z) x io“* sec., 
provided the wave remains uniform .so that the " pick-up ” times are the same at 
the two ends of the cordeau. 

The plane of impact of the detonation waves travelling in the two branches 
of the fuse which is recorded as a sharp line on the lead strip, is displaced a 
distance m cm. from the fiducial line, such that 2m ~ VLfD ; i.e. D = LVIim 
The divStances L and m. can normally be measured to within ± 0*025 cm. : V, 
the detonation velocity of the fuse is calibrated independently to an accuracy 
of ± 20 m./sec. by means of an Argon Chronoscope. D, the average detonation 
velocity of the explosive filling over the distance between the two fuse inserts, is 
calculated from the above expression. Implicit in this calculation is the as¬ 
sumption that the difference in " pick-up ” times for the two ends of the fu.se 
is zero, which is true if the wave travels under uniform conditions between these 
points. 

Statistical analysis of the large number of values of detonation velocity reported 
in this paper showed that this method is capable of providing a ynean velocity 
of detonation for 10 or more individual shots within limits of about ± 50 m./sec. 
These limits are taken as twice the standard error, a/Vw, in the sample mean 
D oin determinations, and there is a iq to 1 chance that these limits will include 
the " true " detonation velocity. The standard deviation a of the normal 
population from which the experimental sample of n values is drawn, is estimated 
by means of the expression : 

<T? === Z(D - D)\ln(n - i). 

Detonation velocities discussed in these papers refer to mean values for about 
10 individual records, for charges of cast trinitrotoluene (T.N.T.), and for charges 
of cast T.N.T. mixed with various inorganic materials. Part I of this paper 
deals with a mixture (60/40 ammonium nitrate/T.N.T.) in which the inorganic 
material may participate in energy release in the detonation zone. Part II 
deals with the effect on the detonation properties of cast T.N.T. of admixture 
with various substances which are chemically inert. 

Results. 

60/40 Amatol Containing “Coarse Grist “ Ammonium Nitrate. 

Approximately 1000 lb. of 60/40 Amatol, supplied from Service stocks, 
were used in these experiments. The explosive mixture had an average com¬ 
position by weight of 6o*o % ammonium nitrate and 40*0 % of T.N.T. (setting 

TABLE I.— Showing the Weight Percentage of Ammonium Nitrate 
Retained on B.S. Sieves. 


Sieve No. 

25. 

52. 

72. j 

100. 

200 . 

Sieve aperture in mm. 

% Retained " Coarse 

0*599 

0-295 

0*211 

0*152 

0*076 



! 


Grist " NH.NOa. 

4 

26 

50 

69 

95 

% retained " Fine Grist ” 






NH4NO3 (see below) . 

0 

0 

7 

26 

89 


point > 80*4'" c.). The average sieve analysis of the ammonium nitrate in¬ 
corporated in molten T.N.T. in the production of the Amatols is given above in 
Table I. 

Assuming that the individual grains of ammonium nitrate are cubical, an 
estimate of the surface area of i g. coarse" ammonium nitrate was calculated 
to be 195 sq. cm. 
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In the fabrication of experimental charges, lump Amatol as supplied in 
Service was heated in a steam-jacketed stainless steel pan to obtain a suspension 
of ammonium nitrate in molten T.N.T. This material was stirred continuously 
to prevent segregation, and the viscous suspension was loaded into the ap¬ 
propriate cylindrical tubes of seamless steel, seamless lead, or light cardboard 
impx'egnated with Bakelite, and allowed to solidify. The finished cast charge 
was weighed, its dimensions recorded, and the charge density calculated. The 
mean charge density recorded for ca.st 60/40 Amatol (coarse) was 1*50 g./cc. 
Samples taken from different points in a cast charge show a fluctuation in com¬ 
position not exceeding ± i % axially, and not exceeding i 2 % radially. 

The charge was then primed with 30 g. of a .sensitive plastic explosive at 
one end, and the holes to receive the ends of the fuse drilled to a depth equal to 
the charge radius. The experimental lay-out prior to detonation is illustrated 
in Fig. I (a). Fig. i (b) gives a conventional representation of the conditions 
behind a detonation wave front in a heavily confined system. 



Fig. I (a ).—Experimental lay-out for measuring detonation velocities by the 

Dautriche method. 



Fig. I (b ).—A representation of the reaction zone for a charge confined in 
a thick-walled metal tube. 


A summary of the mean detonation velocities recorded for cast 60/40 Amatol 
confined in cylindrical tubes of steel, lead, and cardboard (the last approximating 
to an unconfined or bare charge) together with other relevant information is 
given in Table II. 

Data are plotted in Fig. 2, to illustrate the dependence of D on wall-thickness 
of steel tubes surrounding the explosive, for three different radii. The data for 
cardboard confinement are conveniently taken as giving the origin (for steel of 
zero thickness). It will be seen that at constant iladius, the measured detonation 
velocity increases with wall thickness up to about 0*3 cm. Thereafter further 
increase in wall thickness up to a value of 1*3 cm. results in no significant change 
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TABLE II.— The Detonation Velocity in m./sEc. of 60/40 Amatol for 
Various Boundary Conditions. 

Average charge density 1*50 g./cc. 

Calculated surface area of ammonium nitrate :— 


(a) . 195 sq. cin./g. for coarse grist. 

(b) 310 sq. cm./g. for fine grist. 


Charge Radius Case Thickness 
A’(cm.) Z(cm.) 

Case Inertia 
S(g./sq. cm.) 

No, of 
Indeixjndent 
Results n . 

Mean U of D 
m./sec. 

Confidence 

Limits. 

Vn 

“Coarse grist” ammonium nitrate. 




(i) Seamless Steel Tubing. 





1*27 0*64 

5*55 

8 

5730 

±: 50 

1-59 1-30 

14*00 

5 

5900 

± 80 

1-70 0*55 

4*70 

II 

58(10 

-h 70 

1-70 0-47 

3*82 

' 2 i ) 

5920 

± 50 

1*63 0*28 

2*30 

7 

5800 

1_ 100 

1*71 0*17 

1*46 

10 

5780 

± 70 

1*87 0*13 

1*15 

1 

57.50 

+ 100 

1*54 0*05 

0’4i 

6 

5610 

iioo 

2*54 1*27 

T2’50 

9 

6080 

± 90 

2*52 0*50 

4*15 

24 

(lOIO 

+ 60 

2*54 0-13 

I’lO 

L 3 

5930 

± 90 

2-52 0*05 

0*43 

14 

57.50 

± 50 

378 1-30 

11*90 

4 

6140 

+ 70 

3*92 0-51 

4*72 

7 

6210 

± 80 

3-83 0-23 

1 

i’88 

7 

6140 

±110 

(2) Seamless Lead Tubing 





1*25 0*62 

8’8o 

6 

j 54 ^^o 

± 80 

i*6o 1*25 

19’20 

6 

5510 

+ 100 

1*62 0-62 

8*90 

6 

5540 

rL. 60 

2*34 1*26 

17-70 

t8 

5790 

d- 70 

2’52 0*82 

II ’20 

10 

5880 

4" 40 

2-52 0-25 

3*15 

4 

3810 

-4 180 

(3) Thin Cardboard Tubing 





1-90 O’I 

0 approx. 

* 8 

5110 

± 90 

2*52 O’l 

0 

15 

5570 

± 90 

♦2*52 O’l 

0 

9 

5570 

±120 

3 ’ 5 () O’l 

0 

II 

5680 

±110 

“Fine grist” ammonium nitrate. 




(4) Seamless Steel Tubing 





I ’70 0’45 

3 - 7 <> 

13 

6060 

± 40 

2’6o 0’42 

3*74 

8 

6210 

± 70 

(5) Thin Cardboard Tubing 





I ’62 O’l 

0 approx. 

5 

5380 

± 90 

2*22 O’l 

0 approx. 

8 

5680 

±80 


* Timing points at the surface of the charge. 
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in detonation velocity. For each value of wall-thickness, the detonation velocity 
is the greater, the larger the charge radius. 

The less extensive results in Table II for charges confined with lead tubes 
(not plotted) again show that the detonation velocity of cast 60/40 Amatol 
increases to a limiting value, characteristic of the charge radius, as the wall- 
thickness is increased to a value intermediate between zero and 0*3 cm. It is 
further noteworthy that this limiting velocity at constant radius observed for 
charges confined by lead is less than for steel-confined charges, despite the much 
greater inertia of the lead walls. As explained above, this is because the com¬ 
pressibility of the metal controls the effective confinement. These experimental 
data show quite definitely that the detonation velocity of 60/40 Amatol is not 
a unique value (as the classical hydrodynamic theory of detonation in solid 
and liquid explosives demands) but that it varies in a characteristic manner 



Fig. 2. —The effect of thickness of steel wall on D for 60/40 Amatol (coarse 
NH4NO3), at three charge radii. 

with changes in the charge radius, wall-thickness, and material of the charge 
envelope, 

60/40 Amatol Containing “Fine Grist “ Ammonium Nitrate. 

A short series of experiments was also carried out to determine what effects 
changes in the grist of the ammonium nitrate have on the detonation velocity 
of 60/40 Amatol. Commercial ammonium nitrate (Billingham) was dried at 
100° c., ground in a Kek-mill and incorporated in molten T.N.T. in the 
proportion by weight of 60 parts ammonium nitrate to 40 T.N.T. (cp. Table I 
for grist sizes). This mixture was cast into cardboard tubes, and also into thick- 
walled steel tubes, and the detonation velocities were measured by the Dautriche 
method. The details of these measurements are set out in Table II. 

Discussion. 

(i) Effect of Boundary Conditions on D (cp. results in Table II). 

Bare Charges (coarse grist 60/40 Amatol.)— The detonation velocities 
of 60/40 Amatol in bare charges may for practical purposes be equated 
to the experimental values of D recorded for cardboard-confified charges 
of three radii, since increasing the thickness of the cardboard does not 
affect D appreciably. The experimental values of D can be related witlf 
the charge radius R according to the line 

I/D* = lo-i* (2*36 4 - 2-66/i?) . . . (6) 

D being expressed in cm./sec. 

Light Confinement. —Inspection of the curves in Fig. 2 shows that in 
the region where dDjdZ is changing rapidly, the value of D is a function 
of both R and S. as is required by the theoretical equation (2). The 
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number of experimental points in this region is however insufficient to 
test this relationship in quantitative detail. 

Heavy Confinement. (Coarse grist 60/40 Amatol). —For wall thick¬ 
nesses of steel or lead greater than 0*3 cm., D is substantially a function 
of R only, and is independent of S. The experimental data for steel 
walls fit the calculated line of closest fit : 

i/D* = 10-^* (2-40 -f o*i5D X lo-^jR) . . (7)‘ 

and for lead walls, the line 

i/jD* == lo'i* (2-44 -f. 0*241) X 10-^jR) . . (8) 

where D is expressed in cm./sec. 

These equations, of the same form as the theoretical equation (3), 
are plotted in Fig. 3. 

For the fine grist Amatol, the straight lines joining the experimental 
points are for bare charges 

i/D* -- 10-12(2*37 -f 1*80//?) . . . (9) 



(a) Fine grist 60/40 Amatol in thick-walled steel tubes. 
(h) Coarse grist 60/40 Amatol in thick-walled steel tubes. 
(c) Coarse grist 60/40 Amatol in thick-walled lead tubes. 


and for charges confined in thick steel walls, 

i/D* — 10-12(2*38 -f- o*ioD X 10-*//?) . . (10) 

It is important to note that all five empirical equations (6), (7), (8), (9), 
and (10) calculated to give the lines of closest fit have very approximately 
the same origin, which corresponds to a value oi ~ 6500 m./sec. 

These results show that the grist size of the ammonium nitrate, and 
the boundary conditions, have a marked influence on the values of D at 
a given radius of charge, but not on the value of D®. In other words, 
the boundary conditions control the rate of physico-chemical processes 
in the detonation wave, but have no longer any major effect on the detona¬ 
tion velocity at infinite charge radius. The reaction times for 60/40 
Amatol, calculated from the experimental data and the appropriate 
theoretical equation are set out in Table III. 

Having regard to the nature of the assumptions which must be made 
to obtain numerical values for the constants in the theoretical equations, 
the good agreement between the values of t for bare and steel-cased charges, 
lends considerable support to the analysis and calculations involved. 
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A very wide range of variables is in fact controlled by a single value of /i. 
This may be taken to have a value of about 3*1 microsec. for 60/40 Amatol 
containing coarse grist ammonium nitrate, and a value of 2-i microsec. 
for 60/40 Amatol containing fine grist ammonium nitrate. It seems 
likely that the result for lead-cased charges is less trustworthy than the 
others, owing to the nature of the assumptions involved in evaluating the 


TABLE III. —The Calculation of Reaction Times from the 
Experimental Data. 


Grain Sire of NH4NO5. 

Basis of Calculation. 

Mean Reaction Time t. 

Coarse grist 
(NH,)NO, 

Experimental data on charges con¬ 
fined by cardboard and eqn. (i). 
Bare charges 

2*82 microsec. 

ditto 

Experimental data on charges con¬ 
fined by thick steel and eqn. (3). 

3*31 microsec. 

ditto 

Experimental data on charges con¬ 
fined by thick lead, and eqn. (3) 

2*17 microsec. 

(see below) 

Fine grist NH4NOJ 

1 

Bare charges (as above) — 

2*08 microsec. 

ditto 

Thick steel (as above) 1 

2*09 microsec. 


angle B in eqn. (3) from compressibilities of lead under static pressures 
(ref. 5). 

Interpretation of the Significance of the Mean Reaction Time t in 
60/40 Amatol. —Two aspects of the above results may be used to examine 
the physico-chemical significance of the reaction time of the heterogeneous 
system 60/40 Amatol, (i) Firstly, the value of the limiting detonation 
velocity for infinite charge radius, — 6500 m./sec. for 60/40 Amatol 
of charge density 1-50 g./cc. (2) Secondly, the observation that f is a 
function of the grist size of the ammonium nitrate in the explosive. 

The Chemical Contribution of the Ammonium Nitrate to the Energy 
available for Detonation. —With regard to the limiting detonation velocity, 
various semi-empirical methods have been proposed for calculating 
from a knowledge of the chemical processes occurring in the reaction 
zone, which control the energy available for the propagation of detonation. 

A simple treatment * gives the expression 

Do = 43oViVr/M + 3500 (d — i) 
where T = 300 -f H^I{E{cv^ — o*8N} 

is the detonation temperature in °k., the heat of reaction at constant 
volume, N the number of g.mol. gaseous products formed on decom¬ 
position of M g. of explosive, and is the mean specific heat of the fth 
gaseous species over the temperature range 300° k. to k. Self- 
consistent values of T and are calculated making use of known 

heats of formation to estimate values of 

If only the T.N.T. decomposed in the reaction zone of 60/40 Amatol, 
the energy available for propagating detonation would derive from thS 
decomposition 

C^HjNsO, 6CO -f 2-5 H, -f 1*5 N, + C, 
the ammonium nitrate being chemically inert. The effective heat of 
» Marshall, Ministry of Supply Report, 1944 - 
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reaction, per mole of T.N.T. for this system will be given by the expression 

= i/n - ^0 

where is the energy imparted to the chemically inert ammonium 
nitrate during its passage through the reaction zone, by the process of 
compression (see. Part II). By the methods developed in Part II it is 
found that Hq = 32*1 kcal., //r = 148*3 kcal., and //j. == 116*2 kcal. 
Thus T — 2400° K. and D© — 4^0 m./sec. 

If, on the other hand, the ammonium nitrate participates completely 
in the reactions contributing to the energy of detonation, this energy 
is given by C7H5NgO, -f 4*26NH4N08 ->6*2400 + 0*76002 + ii*02H20 
+ 5*76 N2, making Nr = 503 kcal., T == 3280° k., and Nq = 6790 m./sec. 

From a comparison of these two calculated values of Dq with the ob¬ 
served result, Do = 6500 m./sec., it appears probable that the ammonium 
nitrate does in fact contribute to the energy available for maintaining 
detonation in 60/40 Amatol. The total time required for its energy con¬ 
tribution, of the order of 3 microsec. decreases with decreasing size of 
its grains. Experiments on the detonation of pure T.N.T. (see Part II) 
show that / for this explosive in its normal cast form is about 0*5 microsec., 
and is not altered appreciably by addition of chemically inert salts. 

In the light of the information so far obtained, the sequence of physico¬ 
chemical processes in the detonation of Amatols appears to be roughly 
as follows. The T.N.T. first detonates, giving rise to hot detonation pro¬ 
ducts which reach thermodynamic equilibrium in about 0*25 microsec. 
During this time, the ammonium nitrate grains have been compressed 
somewhat, which raises their temperature some few hundred degrees 
(see Part II). Their surface is however exposed to the much higher tem¬ 
perature of the hot gaseous products of detonation of T.N.T. Surface 
erosion of the ammonium nitrate grainy results, and is completed in about 
3 microsec. 


The Effect of Grist Size of Ammonium Nitrate on the Reaction Time 

of Amatol. 


A simple treatment of this erosion of ammonium nitrate grains is 
as follows. If we consider a spherical grain of radius r, and mass m, 
surrounded by hot gases at a temperature T, the rate of loss of mass by 
surface erosion may be assumed to be proportional to the instantaneous 
grain surface a. That is 


dm 

d^ 


= k.a. 


(II) 


The precise nature of erosion at the very high pressures and temperatures 
prevailing need not be specified. Simple evaporation would be hindered 
in a static gas at these pressures by molecular collisions, but in detonation 
the grains are swept by the stream of gas molecules taking part in the 
mass motion of the detonation wave, and this would favour erosion. 
In general K will depend on the properties of the ammonium nitrate, and 
on the temperature of the detonation products. 

If p is the crystal density of ammonium nitrate, 


so that from (ii) 


dm == a . p . df 

^ A 

d^ p * 


(12) 


Noting that when r — 
is 


= o, the time required for complete erosion 


<0 = r^pIK. 


Since chemical interaction of the ammonium nitrate follows erosion, the 
reaction time of Amatol will be a little longer than the time at which 
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erosion is just completed, say 




If A is the surface area 


of I g. ammonium nitrate crystals of uniform radius, r^. Vq = slAp and 




3 

KA 


-f si, so that a linear relationship would be anticipated for the 


plot of 1 for Amatol against the grist size of the ammonium nitrate, 
expressed as iJA, 

Our data are too few in number to test this relationship fully. We are 
permitted to use data, as yet unpublished, to which we had access in 
1943. Payman, Masson and co-workers,® related the velocity of detonation 
of carefully standardised 50/50 and 60/40 Amatol in bare cylinders with 
the grain size and area of the nitrate component. Using their figures 
for D and A , we find that the reaction time is a linear function of ijA, 
such that for 60/40 Amatol 

7 = 3.7 X io-*IA -f 9 X 10-’ . . . (13) 

and for 50/50 Amatol ^ 

^ == 3*3 X lo-V^ + 7 X IO“^ . . . (14) 

The two values of 1 and A calculated from our quite independent data 
on coarse and fine grist 60/40 Amatol, A = 195 sq. cm./g., 7 ~ 3-1 microsec., 
and yf — 310 sq. cm./g., 7=2-1 microsec., lie on the above line for 60/40 
Amatol, in excellent agreement, so that eqn. (13) has a firm experimental 
foundation. 

The extrapolated values of Si are equivalent to the times of complete 
interaction of vaporised ammonium nitrate with detonation products 
of T.N.T. at the pressures and temperatures that exist at the end of the 
reaction zones of 60/40 and 50/50 Amatol. These temperatures are cal¬ 
culated to be 3280° K. for 60/40 Amatol, and 3320° k. for 50/50 Amatol. 
The corresponding values of ht are 0-9 microsec., and 0-7 microsec., 
respectively. The pressure obtaining is of the order of 10 ® atm. 

It is of some interest as a guide to further experiments to pursue the 
problem of reaction kinetics of gaseous ammonium nitrate at high tem¬ 
peratures and pressures a little further, though the discussion is at present 
necessarily speculative. The object is to attempt to evaluate the tem¬ 
perature coefficient for the .chemical interaction of ammonium nitrate 
after vaporisation. 

We have as guide the following values of 87 . 


Explosive. 

7 “ K 

dj microsec. 

50/50 Amatol 

3320 

0-7 

60 /40 Amatol 

3280 

0*9 

Ammonium nitrate 

1640 

3-0 

{d — ro g./cc.) 

(see below) 


The third line in the above table is derived from experimental data on 
the detonation velocity of ammonium nitrate obtained by Parisot and 
Laffitte for charges confined by glass tubing. From their experimental 
results, values of i /£)* and D jR are calculated exactly as above. 


R cm. 

^ I) ra./sec. 

DIR. 

i/D*. ^ 

0*325 

1300 

1 4*0 X 10® 


5*91 X IO~^^ 

0*380 

1450 

3*82 X 10* 


4*77 X io~^^ 


• Gwylim, Cybulski, Payman, Masson, Ministry of Supply Report, 1943. 
Parisot and Laffitte, Compt. rend., 1936, 203, 1516. 

41 


23 
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The line joining the two points (i/D“, D/R) extrapolates to a value of 
I/Do* at DjR ~ o, from which a value Dq identical with the calculated 
hydrodynamic velocity of detonation of ammonium^ nitrate, 3640 m./sec., 
is derived. The slope of this line is equated to 9? (tan i 5 )/Do* where B 
is taken equal to 3° 48' from the compressibility of glass/ and i calculated 
to be about 9 microsec. Parisot and Lafl&tte do not record the size of 
the ammonium nitrate used in their experiments but on the basis of our 
results for 60/40 Amatol, a value of S? == 3 microsec. is not likely to be 
much in error. 

The important point is that however gross the assumptions may be, 
the temperature coefficient of values of 81 must be very small, so that the 
rate-controlling process in the decomposition of gaseous ammonium 
nitrate is not likely to be one of chemical activation at all. This conclusion 
is of general application to processes of energy release in detonation, 
since there is a superabundance of activated molecules and radicals avail¬ 
able as a result of mass-motion effects, and the high temperatures in the 
detonation products of the explosive. The rate-controlling process is 
probably a physical process with low temperature coefficient, such as 
diffusion. 

In view of the high densities hindering diffusion in the explosion 
products, it seems plausible that the rate of energy release from the 
oxidising action of ammonium nitrate is determined not by the difficulty 
of finding active molecules, but of getting them at the incompletely 
oxidised products of the T.N.T. 

Further experiments on detonation are necessary before a more precise 
analysis of chemical kinetics in detonation processes, i.e. at high pressures 
and temperatures, will be possible. The above tentative analysis is 
presented as an indication to what problems can be attacked by a detailed 
study of detonation processes, and to summarise the extent of present 
knowledge on these extremely rapid chemical reactions. 

Summary. 

When detonation is set up in a system, the molecules undergo rapid exothermic 
chemical decomposition, and simpler molecules are produced, at pressures which 
may be initially of the order of 10 * atm. and at temperatures which may be of 
the order of 5000° k. Reaction rates controlling various processes at these 
high temperatures and pressures are estimated from experimental values of the 
detonation velocity, which have been determined under various conditions for 
mixtures containing trinitrotoluene and ammonium nitrate. Fair agreement 
is obtained for the reaction rate determined under very different conditions of 
confinement, and the rate is found to depend to .some extent on the grist size 
of the ammonium nitrate. The temperature coefficient of the controlling 
reaction rate is found to be small. 


PHYSICO-CHEMICAL PROCESSES OCCURRING 
AT HIGH PRESSURES AND TEMPERATURES. 

PART II. THE EFFECT OF “INERT” COM¬ 
PONENTS ON DETONATION. 

By John L. Copp and A. R. Ubbelohde. 

Received iith August, 1947. 

• 

Data on the velocity of detonation for 60/40 Amatol, presented in 
Part I, illustrated the use of a theory of the effect of boundary conditions 
on the rate of propagation of a detonation wave in a charge of finite cross- 
section. By means of this theory, the time of decomposition of an ex- 
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plosive to give gaseous products in thermodynamic equilibrium at high 
pressures and temperatures was determined. When an explosive consists 
of more than one component, as in Amatol, the time of release of the 
energy available for the propagation of detonation depends on a sequence 
of physico-chemical events, and is controlled by the behaviour of the 
least reactive component. As a limiting case, it is of interest to determine 
what happens when one of the components is chemically inert. 

In the present paper, data are presented on the detonation velocity 
of cast trinitrotoluene, and of mixtures of this explosive with chemically 
inert materials. These data have been obtained for “ heavy confinement " 
i.e., for charge-boundary conditions, such that the lateral expansion of 
the zone in which primary explosive decomposition occurs, is controlled 
by the compressibility of the boundary medium. In these experiments 
the explosives were cast into steel tubes of wall thickness greater than 
about 0*3 cm., so that as with the results for 60/40 Amatol (see Part I), 

i/D2= i/D,2-f9/(tanB)D/X)o2R . . . (i) 

where D is the observed detonation velocity, Dq is the hydrodynamic 
detonation velocity, in charges of infinite cross-section, R is the experi- 
mental charge radius, and B is the angle of case expansion after a time t, 
where / is the time to equilibrium of the primary processes of explosive 
decomposition. 

In general terms, the results of these experiments can be summarised 
in the two following statements. 

(1) The addition of chemically inert solids to cast trinitrotoluene 
decreases its hydrodynamic detonation velocity progressively, without 
substantially modifying the rate of its primary decomposition (the reaction 
time 7 ). 

(2) The decrease in detonation velocity, resulting from additions of 
chemically inert solids to cast trinitrotoluene, can be attributed to an 
energy transfer from the gaseous detonation products to the chemically 
inert filler, by means of physical processes of heat conduction and com¬ 
pression. In the reaction zone of the explosive, these processes result 
in a decrease in the energy available for raising the temperature of the 
gaseous products of detonation, and in an increase in their specific \T)lume. 
Thus for such mixtures the effective detonation temperature T, and the 
effective density of the explosive d, are smaller than the values that would 
obtain, ignoring these physical processes. In consequence, the value of 
Do, observed for such mixtures, will be lower than the value calculated 
by hydrodynamic theory when these processes are neglected, as is clear 
for example, from the simplified equation of Marshall ^ 

Z), - 430VN27M + 3500(<i - I) . . (2) 

where N is the number of gas moles produced on decomposition of M. g. 
of explosive. 

In the analysis of the experimental data given below, ,the hydrodynamic 
theory of detonation has been modified in a simple manner to allow for 
the physical processes of energy transfer, outlined above. The most 
important fundamental aspect of this line of inquiry is that such experi¬ 
ments maybe used to evaluate the compressibility of materials at pressures 
up to 10* atm., and for high rates of stress. A practical application of 
the methods employed is in the field of safe mining explosives. The 
role of flash suppressants in such explosives may be analysed in a semi- 
quantitative manner, and the subject developed along systematic lines 
rather than by trial and error. 

Experimental and Results. 

Detonation velocities have been recorded for charges of pure trinitrotoluene, 
and of various mixtures of this explosive with sodium chloride, barium sulphate, 

1 Marshall, Ministry of Supply Report, 1944. 
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and aluminium, cast into thick-walled steel tubes of various internal radii. 
Full details of experimental conditions are summarised in Tables I, II, III and 
in the following text. 

Trinitrotoluene. —Trinitrotoluene (setting point not less than 80*4® c.) was 
melted in a steam-jacketed stainless steel pan, and the melt maintained at 100® c. 
for 30 min. The melt was cooled to its setting point and vigorously stirred to 
induce formation of a large number of small crystals. When the mixture of 
solid and liquid explosive was just sufficiently viscous to permit of successful 
casting, it was loaded into steel tubing, and allowed to set. This type of casting, 
designated as “ cast cloudy T.N.T.," consists of an aggregjite of small crystals 
of the explosive, the smallest crystals being at the charge periphery, the largest 
growing into the charge axis. 

TABLE I. 

Detonation Velocities for Cast Cloudy .T.N.T. in Steel Tubings. 


Internal Radius 
R (cm.). 

Wall Thickness 

Z (cm.). 

No. of 
Results. 

Mean Charge 
Density. 

(g. cc.). 

Mean V of Dct. 
(m./sec.) 

St. Error in Mean 
V of I>et. 

0*74 

0-31 

5 

I*6t 

1 bSso 

±30 

1*30 

o.*6o 

14 

I *60 

i 6790 

4:30 

1-28 

0*40 

II 

I‘60 

6850 

±40 

1*70 

0*48 

13 

1*59 

6790 

±30 

1*63 

0*28 

II 

i*6o 

6730 

4-40 

2*54 

0*51 

7 

i*6i 

6860 

dr 30 

3*«5 

0*63 

5 

I *60 

6850 

dz 40 


Trinitrotoluene.—Salt Mixture. —Common salt was dried at loo*^ c., and 
milled in a Kek mill. The dry, milled salt, or a sieved fraction of it, was in¬ 
corporated in molten trinitrotoluene in the proportions of .50/50 or 60/40 
NaCl/T.N.T. The mixture was maintained at 100° c. for 30 min., cooled to 
the setting point of the T.N.T. and the viscous suspension loaded into steel tubes. 
Throughout the casting procedure, the bulk of the mixture was stirred vigorously 
to ensure that its compo.sition did not change, and to minimise segregation of 
the salt particles. A check was kept on the uniformity of the castings by 
analysis of various segments of sample charges, and of samples drawn from the 
bulk of the mixture during casting. In no instance did the salt percentage at 
any part of the charges differ from that of the bulk mixture by more than 2 %. 

The same technique was adopted in the casting of mixtures of trinitro¬ 
toluene with various percentages of barium sulphate, and with aluminium 
powder. Detonation velocities recorded for these cast charges by the Dautriche 
method (see Part I) are summarised below in Table II. (Stable detonation 
was verified as in Part I.) 

TABLE II.— Detonation Velocity Results for Various Mixtures of 
T.N.T. AND Inert Fillers, Cast in Thick-walled Steel Tubing. 


Compositum of 
ot Mixture. 

Charge 

Radius 

R (cm.). 

Wall Thick¬ 
ness 

Z (cm.). 

T.N.T./NaCl 

J 

' 1*67 

0-50 

50/50 

1 

1 2-50 

0*45 

T.N.T./NaCl 

j 

ri *65 

0*50 

40/60 

1 

2*6o 

0*45 

T.N.T./BaS 04 

75/25 


^I'02 

1*32 

Li-65 

0-32 

0*35 

0 ’ 5 o 

T.N.T./BaSO, 

85/15 

- 

fo -78 

1-02 

Li-67 

0*28 

0*32 

0*48 



ro-76 

©•30 

T.N.T./A 1 

J 

1 I '30 

0*38 

74/26 

4 

1 1-67 

0*48 



^2-50 

0-51 


No. of 
Results 
n. 


13 

13 

9 

6 

5 

7 

7 

5 

5 

7 

8 
23 
15 

22 


Mean Charge 
Density 
g./cc. 

Mean V of Dct. 
JJ (m./sec.). 

Standard Error 
in Mean 

V of Dct. 

1-85 

5990 

±25 

1-85 

6030 

±25 

1*84 

5440 

±40 

1*84 

5450 

±20 

1*90 

6420 

±35 

I *90 

6450 

±25 

2*02 

6540 

±25 

1*78 

6570 

±35 

1-78 

6620 

±30 

1*82 

6690 

±25 

i*8o 

6500 

±20 

•I *80 

6560 

±15 

1*79 

6520 

±20 

1*79 

6700 

±20 
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The particle size distribution for the sodium chloride, aluminium, and barium 
sulphate, used in these experiments were determined for the first two materials 
by sieve analysis, and for the barium sulphate by sedimentation analysis in 
water. The barium sulphate was shown to be equivalent to an aggregate of 
dispersed spheres of sedimentation radius 0*0005 cm. In Table III is shown the 
sieve-analysis data obtained for the salt and the aluminium. 

TABLE III.— Showing the Weight Percentage that Fails to Pass a 

Specific Steve-mesh. 


B.S. sieve no. 

44 

7*2 

100 

200 

300 

Sieve aperture mm. 

0*353 

0*211 

0*152 

q 

6 

0*053 

% NaCl retained 

0 

8*2 

28*0 

7 . 3*6 

TOO 

% A 1 retained 

10*7 

32*2 

44-6 

78-5 

100 


From the plot of weight-percentage retained against sieve apertures it is 
inferred that the aggregates of salt and aluminium particles can, to a first ap¬ 
proximation, be regarded as made up of uniform spheres of various average 
radii in the percentage by weight shown in Table IV. This approximation is 
adopted to facilitate the final analy.sis of the detonation velocity results. 

TABLE IV. —Equivalent Size Distribution of Salt and Aluminium when 
Treated as Spherical Particles.’ 


Average equivalent particle 
radii in microns 

25 

50 

100 

1 

i 

170 

Wt.-% of salt particles 

26 

33 

30 

2 

Wt.-% of aluminium particles 

12 

37 

26 

21 


Exploratory experiments with other sieve ranges of NaCl showed that the 
ob.served detonation velocities of NaCl/T.N.T. mixtures were insensitive to the 
exact size range of the inert filler. For very coarse salt particles it was difficult 
to obtain stable detonation. Salt particles finer than 300 B.S. sieve were not 
available ; they would be expected to affect the energy transfer of heat by 
conduction, especially when the size falls below i^. 


Discussion. 

Tables I and II give detonation velocities for T.N.T., cast cloudy, 
and for cast T.N.T. with various solids. In these experiments, the effect 
of charge radius on detonation veloci^ is rather small, and graphical 
evaluation of the mean reaction time t, according to eqn. (i) above, is 
unprofitable. 

Calculation of the coefficients in eqn. (i) from the data in Table I, 
by the method of least squares, leads to the best values, Dq — 6970 m./sec., 
and ? = 5*2 x lo-’ sec. The above value of Dq agrees well with the 
value calculated by Marshall’s simple hydrodynamic theory, Dq — 6960 
m./sec. for T.N.T. at a density of i*6o g./cc., thereby confirming that the 
present values of Dq agree with those previously determined for T.N.T. 
by other workers. Payman, Cybulski and Woodhead * have obtained 
a mean value of 6950 m./sec. for the maximum velocity of detonation 
of a T.N.T. of set point 80 86° c. (corresponding with a purity of 99*8 %). 

Estimation of Do for Mixtures of T.N.T. with Inert Components. 
Inspection of Table II shows that for these mixtures, as for pure T.N.T., 
the effect of charge radius on detonation velocity is only small. The 
data are insufficient to calculate i and Do for each mixture from a linear 
plot of i/D* against i/i?. However, since it is convenient to eliminate 
the effect of the boundary conditions in investigating the role of inert 

* Payman, Cybulski and Woodhead, Ministry of Supply Reports, 1944 - 45 - 
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admixtures on detonation processes, values of Dq (and of t) have been 
calculated by the following method of approximation. 

(i) Using eqn. (i), and assuming a value for the reaction time of a 
mixture equal to that of pure T N.T., values of Do are calculated from the 
experimental D and R data. 

(ii) With the mean of these values of D©, values of t are calculated 
from the same D and R data and eqn. (i). The operation (i) is then re¬ 
peated with this value of /, and so on. 

A method of trial and error results in the consistent values of Do and 
i shown in Table V. 

From the fourth column of Table V it is clear that the addition of 
up to 6o % by weight of an inorganic material to cast T.N.T. has no large 
influence on its reaction time. This fact substantiates the view that the 
added inorganic materials are chemically inert in the reaction zone of 
the explosive component of these mixtures. The third column shows 
that the addition of chemically inert materials to cast cloudy T.N.T. 

TABLE V.—Consistent Values of Dq and J for Various Mixtures 
OF T.N.T. AND Inert Materials. 


Composition of 

Mix cure. 

Cast 

Density 

(g./cc.) 

Estimated 
Value of 
(ill./sec.). 

Estimated 
V^aluc of 
? (sec.). 

Crystal 
Density of 
iMller. 
(g./cc.). 

Nominal 

T.N.T. 

Density. 

(g./cc.). 

Nominal 
Value of Dq 
(m./sec.). 

NaCl/T.N.T. 

60/40 . 
NaCl/T.N.T. 

1-85 

5520 

4*5 X IO-’ 

2*16 

1*50 

6610 

50/50 

T.N.T./BaSO* 

1*84 

6100 ! 

4*5X IO-’ 

2 *i 6 

1*02 

7030 

75/25 • 

T.N.T./BaS04 

I '04 

6640 

5*0 X JO"’ 

4*50 

1.63 

7060 

85/15 . 

T.N.T./A 1 

i‘8o 

6830 

5-0 X 10^’ 

4'50 

r'62 

7030 

76/24 . 

i*8o 

6740 

5*0 X lo"’ 

2*70 

1*62 

7030 

T.N.T. . 

I *60 

6970 

5.2 X10“^ 

0-0 

I *60 

6960 


progressively decreases the values of D© estimated for these mixtures 
from the experimental values of D. 

An Interpretation of the Effect of Chemically Inert Materials on the 
Detonation Velocity of T.N.T.—In column 6 of Table V, values of the 
“ nominal density ” of T.N.T. are given for each mixture. These cor¬ 
respond with the ratio (weight of T.N.T.)/(the volume available to the 
explosive reaction products), assuming the inert admixture is incom¬ 
pressible : 

, , _ Wt. of T.N.T. per cc. cast 

i.e. nominal density of I.N.T. ~ -. 


V density of filler/ 

With one exception, in the case of the cast mixtures used, the nominal 
density of T.N.T. lies between i-6o and 1*63 g./cc., the upper limit being 
slightly less than the density of T.N.T. single crystals. 

If the filler were chemically and physically inert, i.e. in no way affected 
the energy available for propagating detonation, either by undergoing 
chemical interaction with the gaseous products of detonation of T.N.T., 
or by absorbing heat by processes such as conduction and compression, 
then the detonation velocity Dq of a mixture might be expected to be 
determined solely by the nominal density of the T.N.T., apart from possible 
effects of viscous drag of the large surface of the particles on the detonation 
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wave, which must for the present be neglected. The nominal values of 
JDo shown in Table V have been calculated on this basis from eqn. (2) 
above. This equation is known to hold for a wide range of experimental 
variables. 

It is assumed that in all the experimental mixtures the primary pro¬ 
cesses of decomposition of T.N.T., that liberate the energy available for 
propagating detonation can be represented by the equation : 

^ 7 H 5 N 3()4 "> 6CO -f- 2*5 • • ( 3 ) 

In eqn. (2), N is the number of gas molecules formed in this process 
from At g. T.N.T. and T is the temperature to which they are raised in 
virtue of the liberation of the heat of reaction The method of cal¬ 

culating Dq is illustrated below. 

the heat of reaction at 18° c., and a constant volume can be cal¬ 
culated from the equation : 


or 

Now 

and 


"k 

H 


_ J'TT _ yttr 

^/products -^reactants* 

" -^^*43 kcal. (Cgraphlt«)i 


///TNT “ kcal., so that //r — 148-3 kcal. 


This heat evolution raises the temperature of the reaction products from 
291° K. to K., where 


(T - 291) //R/[i:(C,J - 0-8 N]. ... (4) 

In eqn. (4), is the mean specific heat at constant volume of the 
product species bi'tween 291° K. and T® K., and o-8 N is a term correcting 
for the adiabatic compression of the gaseous detonation products from 
I atm. tt) the detonation pressure (see ref. ^). 

From tables of specific heats ^ a method of successive approximations 
results in a value for the detonation temperature, T — 2900® k., which 
is a constant for each mixture, provided the fillers are both chemically 
and physically inert. Substituting in eqn, (2), T = 2900^ k., N = 10, 
M ^27 g., and the appropriate values for the nominal density of T.N.T., 
the nominal values of Dq shown in Table V vrere obtained for each mixture. 
It has been verified that these values of D© are not sensitive to the eqn. 
(3) assumed for the decomposition, owing to compensation in the ratio 
TjN if the assumed decomposition is varied. Comparison of the experi¬ 
mental estimates of Dq (column 3, Table V) with the nominal values cal¬ 
culated as above (column 7, Table V) shows that the experimental values 
lie uniformly below the nominal values, and that the differences become 
larger as the amount of admixed filler increases. 

Various considerations indicate that chemical effects due to the fillers 
used will not be important in determining Dq, Two physical effects 
which calculations show to be important are: 

(i) the compression of the filler in the reaction zone of the explosive, 

(ii) abstraction of heat by the filler from the hot detonation products 
of the explosive. 

The following analysis shows that for the fillers selected these two effects 
can account for the difference between the experimental and nominal 
values of Do in Table V. 

Compression and Heat Conduction of Inert Fillers in the Rection 
Zone of T.N.T. —In the zone of high pressure and temperature behind 
a detonation wave-front, a chemically inert material can abstract energy 
from the gaseous products of detonation. Abstraction of heat from the 
hot detonation products of T.N.T., takes place by conduction to the in¬ 
terior of the particles. Furthermore, the pressure exerted on the particles 
by the gaseous products of detonation compresses them; the w'ork of 
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compression ultimately appears as heat in the particles, and a correspond¬ 
ing cooling of the gaseous detonation products occurs. The energy 
abstracted from the gaseous detonation products by such processes during 
the time of energy release from the primary explosive decomposition, 
reduces the effective detonation temperature, whilst the volume avail¬ 
able to the product gases is increased by the compression of the inert 
material. It is these effects that reduce the detonation velocities of the 
experimental mixtures below the nominal values calculated in Table V. 

The object of this discussion is to modify simple hydrodynamic theory 
(cp. to allow for the effects of compression of inert materials, and heat 
conduction, in the reaction zone of T.N.T. It is required to calculate 
values for these two energy terms. More refined theories of detonation 
would give no advantage at the present stage of the investigation. The 
results of this rather tentative analysis of chemical and physical processes 
in the detonation zone are sufficiently consistent with the independent 
estimates of these energy terms to justify the claim that further develop¬ 
ment of these experimental and theoretical techniques should lead to a 
simple method of determining equations of state for solids up to pressures 
of the order of lo® atm,, especially if explosives are used with different 
densities and different maximum pressures and temperatures. 

General Equations used in the Analysis. —It is assumed that IVIarshall’s 
equation, which applies to a wide range of pure explosives, can also be 
used to express the detonation velocity of an explosive mixed with inert 
components, provided the appropriate temperature and density of the 
product gases of detonation at the end of the reaction zone are inserted. 
This assumption implies in effect, that the values of T and d substituted 
in the equation : 

£)„ 430VNTIM + 3500 {d - i) 

include corrections to allow for the energy abstracted by the inert material 
in the explosive reaction zone, and that the grains of the inert material 
acquire no appreciable momentum during their passage through this 
zone. Viscous drag by the surface of the inert filler is neglected. 

Consider a mixture containing x g. of T.N.T. and y g. of an inert filler 
in I cc. Then yM jx g. of inert material are associated with i mole of 
explosive. If in the reaction zone of this mixture is the heat of com¬ 
pression oi yMIX g. of filler, and is the heat abstracted by conduction 
by this amount of filler, then the effective temperature T of the products 
of detonation is given by the equation : 

(T - 290) == [H^ - 4- -- 0-8N] . (5) 

where is the heat evolved in the primary processes of explosive de¬ 
composition, which is assumed to follow the course, 

6CO -f 2-5 H, -|- 1-5 N, + C, 

and the other symbols are used as previously. 

Allowing for the effect of compression of the inert filler on the volume 
available to the reaction products at the end of the reaction zone of the 
explosive, the effective volume available to the product gases per cc. of 
mixture is (i — yF,) artd the effective density of the detonation products 

d^xKi^yV,) .(6) 

where (Fq — Fp) represents the degree of compression of the inert filler 
at the detonation pressure p. The compressibility of the inert filler is 
given by 

Qp = I ~ Vp/Vo 

Ha, the heat abstracted from the gaseous detonation products owing to 
compression of the amount of filler associated with M g.- of explosive, 
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can be equated to the work done by the gases in compressing the filler. 
That is 

= PiVo - V,)yM/x .(7) 

The pressure p decreases somewhat during this compression. An 
average value of p, the detonation pressure, is calculated from the expres¬ 
sion 

P = D.W.d .(8) 

where W, the gas-flow velocity in the direction of detonation, is given by 
W = V8310 . TjKMt, ■ ■ ■ • (9) 

Ma is the mean molecular weight per gas molecule, and K = (cp. ®). 

Kqn. (2) to (9) are soluble by a method of successive approximations, 
provided the conditions are such that independent values of either 
or can be calculated. For this purpose estimates of H^, the heat 
transferred by conduction to the interior of the grains of the inert filler 
during their stay in the reaction zone of the explosive may be evaluated 
by the method of Williamson and Adams.* For calculating the heat 



Fig. 1.—Temperature distributions in spherical grains for various values of 

Ktjr^ (see ref.*). 

conducted into small spheres of a solid from a hot gas. the temperature T^, 
attained by a spherical shell of radius a in a sphere of radius r, a time t, 
after its surface has been raised instantaneously to a temperature T, may 
be related to the expression Ktlr^, where K, the diflusivity constant of 
the material of the sphere, is equal to CV^/c. C is the thermal conduc¬ 
tivity of the material, of density i/F©, and specific heat c. 

In Fig. I-we have plotted values of (Ta — Tq)I(T — Tq) against Kt/r^ 
for various values of ajr. By using a radius giving a surface equivalent 
to that of the non-spherical inert fillers used in our experiments, values 
of Ktjr^ are calculated for a heating time of 5 x 10sec., and the tem¬ 
perature distribution in such grains is determined from Fig. i. The 
amount of heat absorbed by i g. of the material in the attainment of the 
calculated temperature distribution can be obtained from the relationship 

A = J V. - r,)d(a/»')» . . . (10) 

by graphical integration, as in Fig, 2. 

Then Hj, = yMhlx . (ii) 

* Schmidt, Z. Schiess. Spreng, 1936, 31, 8, 37, 80 and 114. 

* Adams and Williamson. Physic, Rev., igig* I 4 » 99- 



666 high pressures AND TEMPERATURES 

The method of calculation of self-consistent values of Q and will be 
appreciated from a specimen set out in detail. 

For cast 75/25 T.N.T./BaSOi (cp. Table V) the extrapolated value 
of 2>o is 6640 m./sec. at a density of 1*94 and y = 1*94 x 0*25 = 0 485 g. 
By sedimentation analysis, the barium sulphate was shown to consist, 
almost entirely, of particles of sedimentation radius equal to 5 x io~* cm. 
To begin the series of successive approximations it is assumed that the 
compressibility Q of barium sulphate at the detonation pressure of the 
above mixture has a value of 0-32. Then d = weight of explosive/volume 
available to the explosive products i.c. 

d = 1 * 455/(1 - 0-485 X 0-68/4-50) = 1*57 g./cc. 

Substituting D© = 6640 m./sec., and d = 1*57 g./cc. in eqn. (2), the 
effective detonation temperature T on this basis would be 2600"^ k., if 
the primary process of detonation is represented by 

C^H^NaO. 6 CO + 2-5 H, + 1*5 N, + C. 

The temperature distribution in uniform spheres of barium sulphate of 
radius 5 x 10cm., 5 x 10sec. after their surface has been raised from 



Fig. 2.—Curves for evaluating //j for aluminium by graphical integration of 
eqn. (10) taken with size distribution in Table IV. 

290° K. to 2600° K. can be read off in terms of (r^ — Tq)I(T —■ T^) from 
the intersection of a vertical line drawn through the appropriate value 
of A’f/r* with the curves in Fig. i. 

The values adopted for the terms necessary to evaluate Ktjr^ are : 
C == 0 002 cal./sec., c — 0-17 cal./g., ijV^ — 4-5 g./cc., / = 5 x lo-’ sec., 
and y — 5 x 10-* cm. The values adopted for both C and c are estimates, 
since no direct measurement of these terms have been made at the high 
temperatures and pressures obtaining in detonation processes. The 
derived value of Ktjr^ for barium sulphate grains is 0*005 e.g.s. units. 
From the values of — 1 \ for various values of ajr that are obtained 
from Fig. i for Ktlr^ == 0*005, 3 -*^^ graphical integration of eqn. (10), 
h = 105 cal./g., when T = 2600° k. 

Eqn. (11) gives 

//b = 227 X 105 X io“*/3 kcal. = 7*95 kcal. 

Substituting in eqn. {4), the following numerical values : T = 2600° k., 
= 148*3 kcal. (cp. previously), = 7*9 kcal., N = 10, and 

- 0*8 N = 56*54. 

is calculated to be 10*3 kcal. on this basis. 

From the hydrodynamic eqn. (8) and (9), the detonation pressure 
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is calculated to be p — (6640 x 1*57 X W^)/ioi'3 atm., and since 
W = V(83Io X 26oo)/(i-33 x 21*5) = 870 m./sec., p — S-g x 10* atm. 
From eqn. (7), Using consistent values 

(Fo — == 10,300 x 3/8*9 X 227 X 0*0242 X 10* = 0*063 cc. 

and Q — 0 063 x 4*50 = 0*28. 

In this calculation the initial value assumed for the compressibility 
of barium sulphate was 0*32. The next approximation should proceed 
from a value of Q = 0*28, but as a short cut it is found by trial that the 
mean of the first and second approximations, viz. Q — 0*30 gives values 
of Q, and consistent with the experimental data on this mixture, 
and with the assumptions involved in the analysis. Table VI summarises 
the results of similar calculations carried out on the data available for the 
various mixtures used in our experiments. 

In the last two columns of Table VI are shown values of the detonation 
pressures and resultant compressibilities of the chemically inert materials 
present in the reaction zone of cast trinitrotoluene. The compressibilities 
are rather sensitive to the value assigned to Dq which is, itself, subject 


TABLE VI.—A Summary of Self-consistent Values of Characteristics 
Keaction Zones of T.N.T.— Inert Material Mixtures. 


Composition of 
Mixture. 

Equivalent 
Radius of 
Fillers cm. 

m/sec. 

Mixture 

Density. 

Ktjr*. 

kcal. 

kcal. 

K. 

P in Units 
of 10* 
Atm. 

®.l 
- ®.l 

T.N.T./NaCl 










50/.50 

T.N.T./NaCl 

> 0*005 

6100 

1-85 

0 

0 

24*3 

2500 

7*50 

0*13 

40 /()0 

T.N.T./BaSO^ 

> 0*005 

5520 

1*84 

0 

0 

34*8 

2370 

*5*85 

0-15 

151^5 

T.N.T./BaSO, 

5 X IO-* 

! 

6640 

1*94 

0*005 

7*95 

70*3 

2600 j 

8*90 

0*30 

s.s/is 

T.N.T. ,;.M 

5 X lo-« 

6830 

i* 8 o 

0*005 

4*50 

4*40 

2740 

9 * 6 o 

0*24 

76/24 

See 

Table IV 

0740 

1*80 

See 
Fig. 2 

1 

15*5 

3*6o 

2580 

8*60 

0*07 

i 


to some experimental uncertainty. On these grounds the inversion of 
values of the compressibility of NaCl and of barium sulphate, with increase 
in the magnitude of p, is not considered to be significant, in view of the 
rather complex analysis by which the values were obtained. More refined 
calculations would have to allow for the thermal expansion, in cases where 

is appreciable. 

The orders of the compressibilities determined for NaCl and for alu¬ 
minium by our experiments—which refer to high rates of stress—may be 
compared with values determined at comparable static pressures by 
Bridgman, i.e. by a completely independent method. For NaCl, Bridg¬ 
man * quotes values of Q at intervals of 10* kg./sq. cm, up to a pressure 
of 5 X 10* kg./sq. cm, A short extrapolation of his data to pressures 
of 7*5 X 10* and 5*85 x 10* atm. leads to values of Q of about 017 and 
0*15 respectively. The extrapolation formula used, is ^ 

= (a*/26) In (i -f 2 bp/a), 

where a and b are the coefficients of the equation =1 ap — bp^, chosen to fit 
Bridgman's experimental data (cp. Part I). The values calculated from 
detonation velocity data on T.N.T./salt mixtures are in good agreement 
with the static compressibilities for salt. 


® Bridgman, Physic. Rev., 1940, 57, 237. 
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For aluminium the compressibility under dynamic loading up to 
a pressure of 8-6 x lo* atm., calculated by the above hydrodynamic 
theory applied to detonation velocities recorded for T.N.T./Al mixtures, 
is necessarily more unreliable than the values recorded for salt. For in 
this instance the effect of aluminium on the detonation velocity of T.N.T. 
is largely associated with its high, though quantitatively uncertain, thermal 
conductivity, which swamps the effect of compressibility (from Table VI, 

^ 5//^). In the calculation of the magnitude of possible melting 
of the aluminium in the explosive reaction zone (estimated m.p. of alu¬ 
minium at 10® atm. is about 1500"^ k.) has been neglected, and an average 
value of its thermal conductivity, in the temperature range 290^ K. to 
2600° K., assumed to be i*oo c.g.s. units. Nevertheless the order of 
magnitude for obtained in our analysis compares remarkably well 
with the compressibility of aluminium at a static pressure of 86,000 atm. 
recorded by Bridgman, viz. (V^ ■— V^)IVq = 0-09. For barium sulphate 
no static compressibility data are available up to pressures greater than 
about 10,000 atm., so that no reliable comparison with our values can 
be given. On the grounds that we are dealing with a lattice of doubly- 
charged ions it is considered that the values given in the table are too 
large, probably as a result of under-estimating the heat conductivity 
term for T.N.T./BaS04 mixtures. More reliable values of the thermal 
conductivity are required. 

In view of the fact that our analysis deals with the properties of matter 
in a region of high pressure and temperature, and under conditions of 
extremely high rates of loading, the above comparisons between the results 
of two very different experimental techniques give good promise that 
more refined experimental and theoretical methods of treating detonation 
phenomena will result in an extension of our knowledge of the behaviour 
of materials in a new* region of pressure and temperature. It may be 
pointed out that so far the work has been restricted to cast expk>sives ; 
by using pressed explosives the range of densities and detonation pressures 
available can be greatly extended, so that a complete equation of state 
could be plotted. With more refined determinations of I>, it would be 
possible to use a smaller proportion of filler, and thus to lessen the 
possibility that viscous drag affects the results. 

One feature of our results has not as yet been commented on. The 
fact that the reaction time of cast T.N.T. is only little affected by addition 
of inert diluents implies that the reaction time of this explosive is not 
markedly dependent on the temperature of the gaseous products of its 
primary decomposition, at least between 2,900° K. and 2,400° k. Hence, 
as in the case of the reaction of ammonium nitrate in the detonation of 
60/40 Amatols (.see Part I) the rate-controlling process in the prima^ 
rearrangement of trinitrotoluene to give simple gaseous products has a 
small temperature coefficient. Probably it involves a physical process 
of low activation energy, such as the rate of vaporisation of the explosive 
at high pressures, for which the latent heat would be only small owing 
to the small density change. 

Conclusions. 

(1) In general terms the effect of chemically inert materials in reducing 
the velocity of detonation of trinitrotoluene can be attributed to the energy 
they abstract from the product gases during their passage through the 
reaction zone of the explosive, by physical processes of heat conduction, 
and dynamic compression. 

(2) A method of analysing such effects in a quantitative manner 
results in values for the dynamic compressibilities of the inert fillers, which 
are in reasonable agreement with the corresponding static values. 

(3) The primary processes of chemical decomposition in the detonation 
zone of an explosive have only small temperature coefficients. 
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The authors are indebted to the Director General of Scientific Research 
(Defence), Ministry of Supply, for permission to publish this paper (Parts 
I and II), and to Sir R. Robertson for his continued interest. 

Summary. 

In this paper more detailed measurements and calculations are made of the 
energy transferred to chemically inert *' fillers " by physical processes such as 
heat conduction, and compression, during the detonation of trinitrotoluene. 
Further evidence is obtained that the temperature coefficient of the processes 
controlling reaction rates in the detonation zone is small. It is suggested that 
the methods described may be developed to determine experimentally the 
equation of state of various sub.stances to much higher pressures than have 
hitherto been studied. 

University College, Dundee. 
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KINETIC STUDIES IN THE CHEMISTRY OF 
RUBBER AND RELATED MATERIALS. 

VI. THE BENZOYL PEROXIDE-CATALYSED 
OXIDATION OF ETHYL LINOLEATE. 

By J. L. Boll and. 

Received iSth September, 1947. 

A kinetic analysis of the autocatalysed oxidation of ethyl linoleate 
given in an earlier paper ^ of this scries suggested a chain-reaction mechan¬ 
ism, the initiation step of which was the formation of free radicals by the 
thermal decomposition of ethyl linoleate hydroperoxide. A critical test 
of the correctness of the proposed mechanism can obviously be provided 
by detailed comparisoivof tlji& autocatalysed oxidation with that initiated 
by catalysts known to produce free radicals under the conditions of 
experiment. Benzoyl geroxide is a particularly valuable source of free 
radicals m this connection since firstly, the kinetics of thermal dissociation 
have been worked out in detail and .secondly, the ease of thermal dissoci¬ 
ation is such as to promote conveniently measurable rates of oxidation 
of many olefins in a temperature range in which the oxidation chains 
are long and secondar^^ reactions of the initial oxidation products are 
unimportant. 

The rates of oxidation can be measured rather more precisely in the 
benzoyl peroxide-initiated oxidation than in the autocatalysed oxidation 
of ethyl linoleate. It has therefore been possible to submit the former 
system to a more searching kinetic examination than was possible with 
the latter, and it is gratifying that the results obtained fully substantiate 
the reaction mechanism previously advanced.^ 

Some of the general conclusions arrived at in this paper have already 
been published,® without, however, their detailed^experimental justification 
being given. % 

Experimental. 

The rates of oxidation were measured in the manner already described,^ 
More accurate results and more convenient operation were obtained by sub¬ 
stituting a Pyrex spiral made from 1-2 mm. quill tubing for the neoprene con¬ 
nection between the reaction vessel and the gas-burette system. In the present 

‘ Holland, Proc. Ray. Soc. A, 1946, 186, 218. 

* Holland and Gee, Trans. Faraday Soc., 1946, 42, 236 and 244. 
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experiments, initial rates of oxidation were invariably required. The increase 
in rate of oxidation as oxidation proceeded was always sufficiently gradual, for 
extrapolation of rate measurements to zero extent of oxidation to be made with 
precision : it is estimated that the error in determining the initial rate of oxidation 
was in general not more than i %. 

Materials.—Ethyl linoleate and ethyl stearate were prepared as already 
described.^ Methyl oleate prepared from olive oil was kindly supplied by Dr. 
D. A. Sutton ; it was refractionated on a molecular still. All three esters were 
finally purified by careful chromatographing on an alumina column. 

The Experimental Rate Equation. 

The parameters which can be varied experimentally in the benzoyl peroxide- 
catalysed oxidation of ethyl linoleate are (i) benzoyl peroxide and (ii) ethyl 
linoleate concentrations, (iii) the oxygen pressure and (iv) the temperature. 
These factors were systematical!}^ varied and the results are dealt with in order 
below. 

(i) Benzoyl Peroxide Concentration [BZ2O2].—The effect of [Bz on the 

initial rate of oxidation (/?o) of ethyl linoleate was determined carefully at 35, 
45 and 55“ c. at an oxygen pressure of 100 mm. Hg. The experimental results 



Fig. 1. —Influence of benzoyl peroxide concentration on rate of oxidation (i?®) 
of ethyl linoleate at 45° c. : 

(а) relation between and [BzjOJ ; 

(б) relation between and [Bz,0|]*. 

at 45° c., are presented in Fig. i. It is apparent that the data agree either with 
the relationship Rq — constant x [BzjO,]^, or with i?o* - constant X [Bz,OJ, 
the intercept at [Bz^O,] — o being too small to permit any definite choice 
between these two forms. Similar relationships are obeyed accurately at 35 
and 55® c. 

(ii) Olefln Concentration, [RH]. —Ethyl stearate and methyl oleate were 
used as diluents in determining the influence of olefin concentration on the initial 
rate of oxidation. By plotting the ratio of initial rates of oxidation in diluted 
and undiluted samples of olefin against ethyl linoleate concentration, a direct 
proportionality is found between initial rate of oxidation and [RH] (Fig. 2). 
The straight lines (a) and (b) in Fig. 2 join the points representing the relative 
rates of oxidation of pure ethyl linoleate (I'oo) and pure methyl oleate (0*08^) 
and pure linoleate (i*oo) and pure ethyl stearate {ca, o'oo,) respectively. The 
rates recorded in Fig. 2 refer to infinite oxygen pressure, extrapolations being 
carried out by means of eqn. (i). 

(iii) Oxygen Pressure.—The influence of variation of oxygen pressure was 
followed by carrying out a series of short oxidation runs at different oxygen 
pressures on a sample of ethyl linoleate containing benzoyl peroxide. Any 
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rate increase throughout the series arising from autocatalysis was allowed for 
by interspersing the runs with measurements at a convenient standard pressure. 



Fig. 2,—Influence of ethyl linoleate concentration, [RH], on rate of oxidation 
at 55° c. in ethyl linoleate-methyl oleate (curve a) and ethyl linoleate-ethyl 
stearate (curve 6) mixtures. Curves a and b are drawn to pass through the point 
for pure ethyl linoleate. 



I Fig. 3.—Influence of oxygen pressure {p) on rate of oxidation of ethyl linoleate. 
[BzjO J at 45” c. is 0*026 and o*i6o moles/1, for full and open circles respectively. 

The rate of oxidation and oxygen pressure (/>) were found to be accurately re¬ 
lated by the equation 

Rcol^p == I 4 - KIP • • • • • (^) 

where Rp and Rac are the rates of oxidation when the oxygen pressure is p mm. 
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Hg and infinite respectively. Fig. 3 gives typical sets of experimental data 
of this kind, for the four temperatures 25, 45, 55 and 65® c. 

Before the precise form of the experimental rate equation can be defined, 
the dependence of on the concentration variables [BzjO J and [RH] must 
be known. From the 45'' c. curve, Fig. 3, it appears that a six-fold variation in 
[Bz, 0 ,] has no appreciable effect on the form of the RcojRp against ijp curve : 
Ac is therefore apparently independent of [BzjO J. The influence of [RH] on A® 
was determined from measurements of the dependence of rate of oxidation on 
oxygen pressure in series of (a) ethyl linoleate—ethyl stearate and (h) ethyl 
linoleatc—methyl oleate mixtures. In the first case, linear Rco/Rp against t jp 
plots were obtained down to ethyl linoleate contents of 8*9 % (curve c, Fig. 4), 
but at lower linoleate concentrations distinct deviations from linearity appeared 
at very low oxygen pressures (curve d. Fig. 4). When, however, the diluent 
was methyl oleate the RaojRp against i/p plot was linear at linoleate concen¬ 
trations as low as 4*1 % (curve e, Fig. 4). Values of A^ are plotted against [RHj 



Fig. 4.—Influence of oxygen pressure on rate of oxidation at 55® c. of ethyl 
linoleate (curve a) and ethyl linoleate diluted with (6) 65*3 %, (c) 91*1 % and 
W 95*3 % ethyl stearate and (e) 95*9 % methyl oleate. 


in Fig. 5. A linear relation between A^ and [RH] appears to exist for linoleate- 
oleate mixtures over the entire composition range ; for linoleate-stearate mixtures 
the same relation is approximately obeyed, though there are undoubted deviations 
at low linoleate concentrations. 

(iv) Influence of Temperature.—The temperature dependence of (a) the 
rate of oxidation and (b) A^ were determined. In theory (see below) the overall 
energy of activation of oxidation is best deduced from the variation of the square 
root of the slope of the (rate)* against [Bz,OJ relation (as in Fig. i) with tem¬ 
perature. Provided chromatographed samples of ethyl linoleate were used, 
the rate of oxidation at zero [Bz,0,] was sufficiently low for this characteristic 
to be almost undistinguishable from the slope of the linear R^ against [BzgO J* 
curves. Values of this slope determined at an oxygen pressure of 100 mm. 
are collected in column 2, Table I. The corresponding slopes at infinite oxygen 
pressures (column 3) were calculated from a relation analogous to eqn. (i). 
They give an accurately linear log (slope) against i/T curve, the slope of which 
corresponds to an overall energy of activation (EJ of 20*| kcal./mole. The ex- 
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perimental values of A« quoted in the same table also give a linear log A* against 
I IT curve, the apparent energy of activation (Eg) being 9*5 kcal. /mole. See p. 676. 



Fig. 5.—Dependence of A^ on [KHj, with ethyl stearate (-f) aftd methyl oJeate 

(O) as diluents. 

TABI.E I 


Temp. 

X. 

Slope X 10 *. 

(moles./litrc) f /rain. 

(ram. Hg). 

(ram. Hg). 

100 ram. 

y> 00 . 

25 

0-36 

0*37 

2-7 

2‘6 

35 

0-93 

0*97 

— 

— 

45 

2-35 

2-54 

8-1 

7.7 

55 

6*3 

7*2 

I 4'0 

— 

65 

14*0 

17*0 

21 

18 


The values of A previously obtained for the autocatalytic oxidation of ethyl 
linoleate ^ are included in Table I under the column heading A*. 


Kinetic Analysis. 

Investigation of the kinetics of the autocatalysed oxidation of ethyl 
linoleate ^ showed that the experimental oxidation rates obeyed the 
relationship 

- ^ ■ • ■ w 

where RO,H represents the a-methylenic hydroperoxide of ethyl linoleate 
and kf^ and A^ are constants. This relation was then shown to be con¬ 
sistent with the chain reaction scheme, (Ri)-(R6) : 
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Initiation : 
Propagation : 

Termination : 


iv— -r 

RO,- + RH 

R- -f- R- ■ 

R_ 4. RO,- 

ROa- -f RO,~ - 


ROaH + R- 

Stable 
products 


.. V, 

i 


A, 

*1 

A. 


1 * 

u 


(Ri) 

(R2) 

(R3) 

(R4) 

(Rs) 

(R6) 


where R— represents the hydrocarbon radical obtained by extraction 
of an a-methylenic hydrogen atom from ethyl linoleate, and ROa— the 
corresponding peroxidic free radical \ ... are the respective velocity 

coefficients of the reactions (Ri) . . . (R6). 

If now the initiation reaction (Ri) is written in the generalised form : 

production of R— or ROt— radicals 

where R< represents the rate of chain initiation, stationary-state methods 
readily yield the following tractable expression for the rate of oxidation. 

d( 0 .) R>.A..[RH] __ 

• (A,V*.[0,] + /t,V^[RH] + Va;^[RO,H]) 

the term y'^^^4^a[R02H] being negligible at all but very short chain 
lengths.* 

The several effects of the systematic variation of [Hz/)*], [RH] and 
oxygen pressure on the rate of the benzoyl peroxide-catalysed oxidation, 
and the influence of [BzjOg] and [RH] on the factor lead to a rate equation 
of the form : 

where k^. is a constant at any given temperature and k/ = A^/[RH]. 

Eqn. (4) is clearly equivalent to the theoretical expression, (3), pro¬ 
vided Ri = It has on several occasions Ixien demonstrated 

that the thermal decomposition of benzoyl peroxide is to a close approxi¬ 
mation a first-order reaction. Recent detailed kinetic investigations • 
of the decomposition have stres.sed the occurrence of secondary reactions 
which give rise to small deviations from first-order kinetics. Cass, and 
Nozaki and Bartlett account satisfactorily for the deviation from first- 
order kinetics in terms of a chain decomposition initiated by radical 
fragments arising from unimolecular peroxide breakdown. While the 
precise reaction sequence involved in this chain type of decomposition 
has not as yet been elucidated in general, the experiments of Cass on the 
identity of the decomposition products of benzoyl peroxide when certain 
ethers are used as solvents strongly suggests that here at least the chains 
are propagated by the reaction cycle : 

C.H^ . COO- -f RH CeH, . COOH + R~ • • (P2) 

R— 4 -(C.H5.COO),-vCeH. .COOR-hC,H8.COO— . (P3) 

* This equation requires the simplifying assumption that = Aj*. It is, 
however, possible to derive a rate equation without introducing this condition. 
The resulting relation differs from (3) only in predicting a rather more complex 
•connection l^tween rate of oxidation and oxygen pressure. We have preferred 
to use the less rigorous but more easily tested eqn. {3), because the wide 
range of conditions over which it accounts satisfactorily for the effect of oxygen 
pressure on the rate of benzoyl peroxide-catalysed oxidation makes it evident 
that the underlying assumption is at least a good approximation to the truth. 

* McClure, Robertson and Cuthbertson, Can. ], Res., B., 1942, 30 , 103. 

* Kamenskaya and Medvedev, Acta Physicochim., 1941, 13, 565. 

* Brown, J. Amer. Chem. Soc., 1940, 62, 2657. 

«Cass, ibid., 1946, 68, 1976. 

^ Nozaki and Bartlett, ibid., 1946, 68, 1686. 

« Barnett and Vaughan, J. Physic. Chem., 1947, 51, 926. 

* Cass J. Amer. Chem. Soc., 1947, 69, 50c. 
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If this mechanism is applicable to olefins the reaction (P3) would certainly 
be suppressed completely in presence of oxygen by the reaction, 

R— -f- Of —> ROf— 

which would at the same time commence the propagation phase of an 
oxidation chain. In this way the reaction which forms the rate deter¬ 
mining step in the initiation process (i.e. Ri) would remain unimolecular 
even in the concentration range in which the overall order of the benzoyl 
peroxide decomposition, measured in vacuo, departs appreciably from 
unity. 

In the derivation of eqn. (4) results obtained with methyl oleate as 
diluent were adduced as evidence that both the rate of oxidation (at 
given [BZfOf], oxygen pressure and temperature) and were proportional 
to [HH]. In justification of this we must anticipate the conclusion, 
contained in a following paper, that the mechanism of the benzoyl 
peroxide-initiated oxidation of methyl oleate is precisely analogous to 
that for ethyl linoleate. For the present purpose it is sufficient to state 
that a detailed consideration of the kinetics of the simultaneous oxidation 
of two olefins according to the above mechanism, (R2)-(R7), leads to 
the conclusion that botli the rate of oxidation and the factor, A^, should 
be linear functions of the concentration of either component—and this 
in fact was found (cp. Fig. 2 and 5). 

A rigorous kinetic analysis of either the autocatalytic or benzoyl 
peroxide catalysed-oxidation of ethyl linoleate should take into account 
the small but finite rate of oxidation at zero [RO,H] or [Bz^Og]. Ex¬ 
perimental examination of this initial uncatalysed rate of oxidation 
indicates that it cKcurs by a chain mechanism, the propagation and ter¬ 
mination steps of which are represented by (R2)-{R6), while the chain- 
initiation step involves bimolecular interaction between oxygen and the 
olefin. The generalised form in which (3) is written thus requires no 
amendment on this account ; but since now becomes, in the case of 
the benzoyl peroxide-initiated reaction,/^^[BzaOj] -f it follows 

that the exact relation between rate and [BzgOJ (at any given oxygen 
pressure, [RH] and temperature) should not be : 

rate a [Bz,Oa]*, but (rate)* a[Bz,02] -f- constant. 

Reference to Fig. i makes it apparent that this latter law is in fact obeyed 
(curve a), and also^ that the rate of oxidation at zero [BzjOj] is here so 
small that the approximation involved in our comparison of the experi¬ 
mental and theoretical expressions for the rate of oxidation (i.e. eqn. 
(.4) and (3)) is fully justified. It should be stressed that this holds true 
only for carefully chromatographed samples of ethyl linoleate: the 
presence of polar impurities, presumably mainly free linoleic acid, in¬ 
creases the intercept at zero [BzjOj] to appreciable proportions. 


Comparison of the Autocatalytic and Benzoyl Peroxide 
Catalysed Oxidations. 

The ctjiiclusion that the mechanisms operating in these two oxidation 
systems differ only in the manner of chain initiation is so far supported 
by three experimental findings. 

(i) The similarity of the eqn. (2) and (4) above, governing the overall 
rates of oxidation of the two systems ; (ii) the similarity of the rate equa¬ 
tions for the two oxidation systems in presence of the chain terminator, 
hydroquinone ; (iii) the fact that the rate equations for both systems 
conform to a single generalised^ ^-quation, both when hydroquinone is 
absent (cp. eqn. (3) above) and present (eqn. (i). Part IV) provided 

A detailed account of these experiments is now in preparation. 

“ Bolland and ten Have, Trans. Faraday Soc.. 1947, 43, 201. 
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expressions for the rate of chain initiation are introduced which agree 
with the observed order of the thermal decomposition of the peroxides 
concerned, bimolecular decomposition of ethyl linoleate hydroperoxide, 
and unimolecular decomposition of benzoyl peroxide. 

These arguments, which are based on experimentally-determined 
reaction orders, may be supplemented by comparison of certain quanti¬ 
tative characteristics of the autocatalysed and benzoyl peroxide-catalysed 
oxidation systems. Three such factors are : 

(a) the chain length of oxidation, 

(ft) the term Xg, ^ 

(c) the energies of activation of the elenientary reactions. 

(a) This comparison has already been made,^ and shows that if the 
rate of chain initiation is taken as equal to the rate of peroxide decom¬ 
position and if conditions are chosen so that is the same then the chain 
length in the benzoyl peroxide-initiated oxidation is 2-2 times that for 
the autoxidation. 

(ft) The values of and A<. included in Table I make it obvious that 
over the temperature range 25^-65'" c. the value of A is the same whether 
the chain initiatior is linoleate hydroperoxide or benzoyl peroxide. 

{c) At high oxygen pressures, when the eqn. (4) simplifies to 

_ d(0,) 

d' Vk, 

the overall energy of activation for the autoxidation and benzoyl peroxide- 
catalysed oxidation {E^ and Eg respectively) may be written in terms of 
the energies of activation of the elementary reactions (Ki)-(R7) as 
JE, -f- E3 — ^E^ and -f- E3 — Taking and E^ as 17*2 ^nd 

26 kcal./molo^ respectively, Eg — ^E^ for the autoxidation becomes 
4*2 kcal./mole ; the best available values for Eg and E\ are 20*5 and 3T 
kcal./mole, giving a second estimate of Ej — JE, based on the benzoyl 
peroxide catalysed oxidation of 5*0 kcal./mole. 

It is further found that values of E^ are very similar for the two 
oxidation systems. For the autoxidation ^ the determined value of Ex 
was 8*7 kcal./mole, compared with the figure of 9-5 kcal./mole for the 
benzoyl peroxide-catalysed reaction (p. 673). In terms of the activation 
energies of the elementary reactions this means that for the two oxidation 
systems, very similar estimates of E, — ii, — ^(E* ~ E^) and (since 
Eg — JEj is the same for both systems) E, — JE4 are obtained. 

These various correlations between the two types of oxidation system 
are sufficiently exact to provide very strong confirmatory evidence for 
the correctness of the mechanisms of oxidation, deduced for each system 
when considered independently. 

The author is indebted to Dr. G. Gee and Dr. L. Bateman for valuable 
advice and criticism. This work forms part of the programme of funda¬ 
mental research undertaken by the Board of the British Rubber Pro¬ 
ducers* Research Association. 


Summary. 

Kinetic investigation of the interaction of oxygen and ethyl linoleate in 
presence of benzoyl peroxide leads to the conclusion that oxidation chains are 
initiated by the unimolecular dissociation of benzoyl peroxide into radicals, 
which in turn lead to the production of R-radicals. The propagation reactions 
are 

R - + O, RO, - 
RO, + RH ROjH -f R - 
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and termination occurs through mutual interaction of pairs of the chain carriers, 
R — or RO, —. (RH represents ethyl linoleatc, R — the radical produced by 
removal therefrom of an a-methylene hydrogen atom, and ROj — the correspond¬ 
ing peroxide radical,) 

Comparison of various kinetic features of the oxidation of ethyl linoleate 
initiated by benzoyl peroxide, and the autoxidation of the same olefin indicate 
that the chain-propagation and chain-termination steps of these two systems 
are identical. 

The British Rubber Producers, Research Association, 

48-52 Tewin Road, 

Welwyn Garden City, 

Herts. 


THE THERMAL DECOMPOSITION OF EXPLOS¬ 
IVES. PART I. ETHYLENEDINITRAMIl?! 
AND TETRYL. 

By a. J. B. Robertson. 

Received z6th September, 1947.* 

It has been shown by many investigations, notably those of Will,^ 
Rolnirtson,* Farmer,** ^ and Hinshelwood,^ that all explosives undergo a 
thermal decomposition at temperatures far below those at which spon¬ 
taneous explosion may occur. The decomposition reaction is of con¬ 
siderable importance in determining the stability of the explosive and 
has consequently received much attention, especially of a somewhat 
empirical kind. Roginsky ® has represented some of the reported results 
for decomposition rates by assuming the applicability of the unimolecular 
equation and then evaluating the constants in the Arrhenius expression 
for the unimolecular constant, k — Ae He concludes from this 

treatment that the frequency factor A varies from 10^® to 10**^ sec.~^ and 
E is of the order 50,000 cal./mole for many of the high explosives. The 
extremely large value of the term A as compared with the normal value 
of about 10^* for unimolecular reactions is considered by Semenolf ’ to 
indicate the formation of long and stable chains in these decompositions, 
although an alternative explanation in terms of the activated-complex 
theory of reaction rates can be advanced. It seems desirable, however, 
that the experimental facts should be established more securely in view 
of the divergency in activation energies for the decomposition of explosives 
found in the literature. Kinetic data for various explosives are also of 
interest in the fundamental study of the sensitiveness of explosives to 
external stimuli, and they may have some interest in connection with 
condensed liquid-phase reactions. 

Here we describe an experimental investigation of the two nitroamines, 
N, i\r'-dinitroethylenediamine and 2:4: 6-trinitrophenylmethylnitramine 
(tetryl). In investigating these decompositions it was thought desirable 

1 Will, Z. angew. Chem., 1901, 14, 743. 774. 

* Robertson, /. Soc. Chem. Ind., 1902, ai, 819 ; J. Chem. Soc., igog, 95, 
1241 ; 1921, 119, I. 

* Farmer, /. Chem. Soc., 1920, 117, 1432 ; 1922. lai, 174. 

* Farmer, ibid., 1920, 117, 1603. 

* Hinshelwood, ibid., 1921, 119, 721. 

* Roginsky, Physik. Z. Sowjet., 1932, i, 640; Z. physik. Chem., B, 1932, 
18, 364. 

’ Semenoff, Chemical Kinetics and Chain Reactions, Chap. 17 (Oxford Univ. 
Press, 1935). 
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• • 

to follow the reaction over its whole course, and to work under conditions 
enabling the transformation of thermal decomposition into explosion 
to be examined ; hence the range of enquiry was extended to relatively 
high temperatures. Thermal decompositions of explosives are usually 
highly exothermic, and since the conditions should be as nearly isothermal 
as possible in determining decomposition rates, it is necessary to use 
apparatus which allows the heat evolved to be readily conducted away 
from the explosive, and to use rather small quantities of material. The 
reactions may then be very rapid although they are not explosive so that 
special recording methods must be used. Apparatus was developed 
for heating samples of explosives to a given temperature within a srnall 
fraction of a second, the resulting liberation of gaseous decomposition 
products being followed by automatic recording. With this method 
reactions taking less than a second were investigated using quantities 
down to I mg. 


Experimental. 

For rapid heating of the sample of explosive in a closed system two forms 
of apparatus were used. In the first, tho material was introduced into a hot 
glass bulb. In the second, the sample was suddenly enclosed between two hot 
parallel surfaces. The first apparatus had the advantages of simplicity and 
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Fig. I. —Ovens Apparatus. 


cleanliness, and the second the advantage of a more precise definition of the 
heating conditions since the thin liquid explosive layer was maintained by surface 
tension at a constant thickness equal to the distance between the two hot sur¬ 
faces. This was of some utility in investigating the transformation of thermal 
decomposition into explosion, since the arrangement could be regarded as 
practically a reaction vessel with plane parallel w'alls, which is a specially simple 
shape for mathematical treatment. The conditions for the initiation of explosion 
could also be examined in general features in the glass bulb apparatus. 

Glass Apparatus.— In the glass apparatus the sample of explosive was placed 
in a small glass spoon rotating on a horizontal ground joint so that the sample 
could be dropped into the heated bulb. The bulb, of Pyrex glass about 2 cm. 
diam., was directly immersed in a bath of transparent heating liquid (the eutectic 
mixture of sodium, potassium and calcium nitrates) so that the reaction could 
be observed visually. With vigorous stirring of the liquid, heat removal from 
the reaction zone was facilitated and very rapid reactions could be brought 
a^ut without explosion. The bath temperature was kept constant to within 
c. Mercury thermometers calibrated at frequent intervals were employed, 
corrections for the emergent stem being made. The reaction bulb was removed 
by means of a ground-glass joint for cleaning in hot nitric and chromic acids 
a£ter each experiment. • 

Ovens Apparatus. —In the alternative apparatus the explosive under in¬ 
vestigation, supported on a mica slide about lo-® cm. thick, was suddenly en¬ 
closed between two parallel horizontal copper surfaces a known distance apart 
and maintained at the required temperature, the apparatus being adjusted so 
that the mica slide was resting on the lower hot surface. A diagrammatic repre¬ 
sentation of the essential mechanism used is shown in Fig. i. The apparatus 
is shown in the original position before the experiment is started. The heating 
ovens (O), consisting of hot copper bobbins, were carried on two arms (A) hinged 
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to a back strip (B) fastened to a spindle sliding in a bearing. When the experi¬ 
ment started the spindle was pulled forward by springs (not shown) on being 
released by a catch operated by the movement of a Tombac bellows. The 
ovens then moved forward and opened at the same time under the influence of 
the springs and the shell-shaped device (S) shown in the diagram. When the 
ovens wore above and below the explosive they automatically closed upon it. 
The distance between the ovens was set prior to the experiment at the desired 
value. Both ovens could moved up and down with respect to the arms 
holding them. The oven temperature was measured with a copper-constantan 
thermocouple, hard-soldered into the face of each bobbin. Frequent calibrations 
of the thermocouple readings were made with substances of known melting point. 
The entire apparatus could be enclosed by a vacuum-tight cylindrical brass 
cylinder containing two Perspex observation windows. The cover was clamped 
to a base plate through which the various leads passed. 

When the apparatus was u.sed in the presence of an inert gas, as was usually 
required to prevent complete and rapid vaporisation of the explosive from the 
hot zone, the movement of the hot ovens through the cooler gas produced a 
rapid expansion and contraction of gas lasting about 4 sec. ; this effect was 
imposed uY>on the records of pressure against time, the magnitude of the pressure 
fluctuation at atmospheric pressure being about the same as the pressure change 
produced by a few mg. explosive. For examining the rate of rapid reactions 
by pressure changes in the presence of inert gas the copper ovens apparatus was 
not, therefore, so convenient or so accurate as the glass bulb apparatus, which 
was quite free from this effect. 

Measurement of Reaction. —-Both the bulb apparatus and the ovens 
apparatus formed part of a closed system in which the decompositions were 
followed by the pressure increase. For s? )w reactions the pressure change was 
read on an Apiezon oil manometer connected to the reaction ves.sel by several 
feet of thin tubing to minimise errors from possible solution of gaseous products 
in the oil. Rapid reactions were follow’ed with a manometer of the membrane 
tyj>e, the small displacement of a thin horizontal brass membrane being magnified 
with a pivoted mirror and light beam and registered on photographic paper 
moving with a suitable steady velocity. This device gave a linear relation 
between pressure change and the displacement of the light spot, since only a small 
fraction of the possible displacement of the membrane was used. The whole 
membrane manometer was enclosed in a larger vacuum-tight vessel wdth glass 
windows. A small mercury seal was provided between the two sides of the 
membrane as a protection against explosion. 

Analysis of Gaseous Products. —A separate apparatus w^as used for the 
formation and analysis of the gaseous decomposition products. The explosive 
was again decomposed in a Pyrex bulb of about 2 cm. diam. which could be 
removed at a ground joint for cleaning. The bulb was heated after the explosive 
had been weighed into it by immersion in a heating bath, and visual observations 
of the progress of the decomposition w^ere made. A known quantity of N, 
was added to reduce vaporisation of the explosive to negligible proportions. 
Cylinder N, was purified by passage over red-hot copper, a sodium hydroxide 
preparation (Carbosorb) and PfO^. The gases w'ere first divided into two frac¬ 
tions by pumping ofi separately those volatile at liquid air temperatures and at 
— 80'' c. The gases were dried by passing over PjOj and collected •over mercury 
with a Toepler pump. The liquid-air fraction was analysed for NO by absorption 
in chromous chloride, CO and H , by a copper oxide combustion, the final residue 
being Nj. Dissolved gases in the chromous chloride were first pumped off with 
a rotary pump. Nitric oxide was determined again in the —80® c. fraction 
with chromous chloride as this gas could only be removed at liquid-air tem¬ 
peratures by very prolonged pumping. Carbon dioxide both from oxidation 
of CO and as such was absorbed wnth solid Carbosorbi and the residual gas was 
N, 0 . The use of a solid reagent for CO, was found advantageous in eliminating 
the corrosive effect of the usual potash reagent* which may be inconvenient in 
a vacuum apparatus. Any NO, remained behind at —80'^ c., but only traces 
were encountered during experiments with nitroamines. The gas samples 
could be manipulated and measured quite readily to an accuracy of 0*01 ml. 


The Decomposition of £thylenedinitramine« 

The thermal decomposition was examined in the glass bulb apparatus. In 
a vacuum (about io~* mm. Hg) the substance vaporised and distilled on to the 
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cooler parts of the apparatus before undergoing appreciable decomposition. 
On preventing this by having an inert gas (usually N,) present at lo cm. pressure 
the liquid explosive was found to decompose under suitable conditions according 
to the equation for a first-order reaction over the whole temperature range 
184-254^ c. The unimolecular constant k \vas evaluated from the usual equation, 
Joge PaoliPa:) ^ P) — where is the final pressure increase and p is the 
pressure increase after time /, or from an equation given by Guggenheim,® which 
does not require a value for p^, kt + loge {px — />) = constant, where p is 
the pressure at time t and px is the pressure at time / 4- t, r being some arbitrary 
constant time-interval of convenient magnitude : for accuracy it should be 
greater than the half-life of the reaction. 

The half-life for the decomposition of ethylencdinitramine was 43 sec. at 
184° c. and J sec. at 254^* c. The observed rate constant was independent of 
mass at the lower temperatures using quantities varying from 5 to 30 mg. and 
an inert gas pressure of 10 cm. The larger ejuantities at the higher temperatures 
underwent an explosive decomposition. The decomposition rate was the same 
in the presence of air and N, and was not altered by further recrystallisation 
of the sample of explosive from acetone. At the higher temperatures it was 
found necessary to use only a few mg. of the explosive in the form of very small 



Fig, 2.—Ethylenedinitramine, 

particles in order to make the attainment of thermal equilibrium a sufficiently 
rapid process for the determination of the decomposition rate. On deriving 
unimolecular constants and plotting logjo (h X 10*) against ijT the points showm 
in Fig. 2 were obtained. A straight line to fit the points was determined by the 
method of least squares and gave for the unimolecular constant the expression 
k (sec."^) — The experimental error in activation energy 

was estimated to be less than 1,500 cal./mole. This expression for the decom¬ 
position rate does not hold for solid ethylenedinitramine. Although appreciable 
decomposition occurred below the melting point the rate was very much less 
than that given by the equation above. 

Analyses were made of the gaseous products from ethylenedinitramine 
heated at 195® c. for 3*5 min. (giving practically complete decomposition), N, 
being initially present at 5 cm. pressure. From i mole of the explosive the 
following quantities in moles of gaseous products were obtained : NO, o*io ; 

1*4 ; Nj, 0*39 ; CO, 0*028 ; CO„ Water was also formed and 

acetaldehyde was detected by carrying out the decomposition in a stream of hot 
air passed subsequently through aqueous dimedone solution, the derivative 
separating after a few hours. The decomposition in part can therefore bo 
represented by the equation, C,H,N404 == 2 N ,0 + CH,CHO -j- H, 0 , but it is 
clear from the considerable quantities of N, formed that some other mode of 
decomposition is also operative. 


® Guggenheim, Phil, Mag,, 1926, a, (7), 538. 
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The Decomposition of Tetryl. 

The thermal decomposition in the liquid phase was examined over the 
temperature. range 211-260° c. The copper ovens apparatus was used with 
air present, usually at atmospheric pressure, to prevent vaporisation without 
decompositipn as far as possible. A quantity of 20-30 mg. was taken for each 
experiment. The separation between the two hot surfaces was 0*2 mm. The 
pressure-time curves showed the occurrence of some acceleration of reaction 
rate during the decomposition, which was considered to be due to autocatalysis 
in general agreement with the findings of Farmer * and Hinshelwood.* At 
217° c. the rate of gas evolution remained constant for nearly half the decom¬ 
position, corresponding to an accelerative reaction ; the subsequent falling-off 
in rate was slightly greater than that for a first-order decomposition. At in¬ 
creasing temperatures the period of constant rate of gas evolution increased 
somewhat relative to that of the rest of thfe decomposition, and in the region of 
250° c. and above, a rapid evolution of gas at an almost linear rate was followed 
by a small diminution in pressure ; this was thought to be due to the cooling 
of hot gaseous products of reaction. On diminishing the air pressure to 10 cm. 
the initial decomposition rate was unchanged, but slightly less autocatalysis 
was noted. In vacuum the tetryl vaporised without appreciable decomposi¬ 
tion. The initial linear rate of pressure increase divided by the total or 



Fig. 3—Tetryl. 


maximum pressure increase in the same experiment gives a quantity which can 
be regarded as a unimolecular constant for the decomposition before it is ap> 
preciably influenced by accumulation of the autocatalyst. On determining 
the initial rate in this way and plotting log^o (k x 10*) against i/T the points 
shown in Fig. 3 were obtained, the straight line shown giving for the unimole¬ 
cular constant of the initial decomposition the expression 

k (sec.'i) = 10 ^®*^ e-88,400/Kr 

The experimental error in E was estimated to be 2,500 cal./mole. 

The initial decomposition of tetryl has also been investigated by Farmer.* 
He found at 129*9° c. a gas evolution of 1*5 cc./g./hr. Utilising his observation 
that 5 g. tetryl (in the solid state) gave 500 cc. on decomposing completely and 
assuming this would also be the case for the liquid, the unimolecular constant 
for the initial decomposition at 129*9° c. is 4*2 X lo"^ sec.“^. The value cal¬ 
culated from the equation given above is 4*0 X io~*. The agreement is satis¬ 
factory as far as the absolute rate is concerned. From Farmer's results on the 
temperature variation of the rate over the small temperature range 129*9-138*6° c. 
the initial rate can be represented by ^ ~ jQZT^-eo.ooo/BT Roginsky • has 
^inted out, and he has attached some significance to this result. This expression, 
however, gives for the initial rate at 260° c. a value some 500 times greater 
than the experimental one given here. It seems clear, therefore, ^at in this 
particular case the Arrhenius frequency factor has a value wMch is not very 
much greater than the normal one for unimolecular decompositions. 


24 
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Discussion. 

The simplest behaviour which an explosive under effectively isothermal 
conditions can exhibit is to break down into gases by a homogeneous 
reaction of constant velocity. This behaviour is shown by ethylene- 
dinitramine. The homogeneous nature of the decomposition was deduced 
from the non-variation of rate with quantity of explosive. The fact that 
the lirst-order equation is applicable does not necessarily imply that the 
decomposition is unimolecular, since it is occurring in the condensed 
liquid phase. Experiments in dilute solution are required to elucidate 
this point. For both ethylenedinitramine and tetryl the temperature 
variation of the decomposition rate can be represented by an equation 
of the Arrhenius type, and in the case of ethylenedinitramine the fre¬ 
quency factor has the normal value found for unimolecular decompositions 
in the gas phase. 

A number of factors may complicate the later stages of the decomposition 
of explosives and cause deviations from the unimolecular equation. In 
general these factors produce an acceleration of the reaction, such as that 
observed in the tetryl decomposition. Intermediate or final products 
may be formed which exert a catalytic effect on the primary decomposition 
or which by their own decomposition contribute appreciably to the ob¬ 
served rate of gas evolution. Catalysis by gaseous or volatile products 
may make the interface between liquid and gas of importance. It is 
probable that factors of this kind explain the very high frequency factor 
computed by Roginsky for tetryl. Self-heating of the explosive may 
also be of importance in many ca.ses. This, however, is favoured by 
larger quantities of explosive and by higher gas pressures. At higher 
pressures the bubbles of gaseous decomposition products are smaller and 
the agitation of the liquid caused by them is less. Studies of the initiation 
of explosion in liquids have shown that heat loss by convection is of 
primary importance, and the part played by bubbling in causing this 
seems to be very significant. Self-heating is thus diminished by working 
at lower gas pressures. Hence it is possible by varying the quantity of 
explosive or the inert gas pressure to verify that observed decomposition 
rates are not seriously in error on account of self-heating. As judged 
by these tests the data given here should not be seriously complicated 
by this factor. 

This work forms part of a programme carried out jointly with the 
Department of Chemistry, Bristol University. The author has much 
pleasure in thanking Dr. C. E. H. Bawn for information on the decom¬ 
position of tetryl and on the method of gas analysis employed. Prof. 
E. K. Rideal for his constant advice and encouragement, and Mr. W. N. 
Dear for his help in constructing the analytical apparatus. This paper 
is published by permission of the Chief Scientist, Ministry of Supply. 


Summary. 

Two methods for studying the thermal decomposition of explosives are 
described. The rate of decomposition of ethylenedinitramine and tetryl has 
been studied and Arrhenius expressions are pven. The decomposition of ethylene¬ 
dinitramine follows the unimolecular equation and the frequency factor is normal. 
With tetryl, catal5rtic effects are encountered and the frequency factor is some¬ 
what large. Analyses of the gaseous products from ethylenedinitramine have 
been made. 

Department of Colloid Science, 

The University, 

Cambridge. 



THE REDUCTION OF NITROCOMPOUNDS AT THE 
DROPPING-MERCURY CATHODE. 

PART I.—THE NITROBENZENES AND 
NITROTOLUENES.* 

By J. Pearson. 

Received ^oth September, 1947. 

Although a considerable amount of work has been carried out, mainly 
by Shikata and his collaborators s on the reduction of nitro-compounds 
at the dropping-mercury cathode, the published results do not contain 
any explicit statement as to the nature of the electrode reactions. More¬ 
over, the method employed in these previous investigations for the report¬ 
ing of reduction-potentials has now been superseded because of ambiguity.* 
The electrode reactions occurring during " polarographic reduction have 
therefore been studied more fully and particular attention paid to the 
influence of the nature of the medium in which the compounds were dis¬ 
solved upon the reduction-potentials and the mechanism of reduction. 

Experimental. 

The polarograph employed was of the conventional, photographically re¬ 
cording type, constructed in the laboratory. It incorporated condenser 
galvanometer-damping and diffusion-current compensation as recommended 
by Lingane and Kerlinger ® and a modification of the Ilkovic and Semerano * 
counter-current control. The electrolysis-cells were immersed in a thermostat, 
maintained at 25 ± 0*25^0. and a separate saturated calomel electrode was 
used as anode. The illustrations are drawn (without showing galvanometer 
oscillations) from the photographically-recorded originals. 

Solutions were made by dissolving the requisite weight of purified compound 
in 98 % ethyl alcohol, diluting five-fold with distilled water, and then diluting 
two volumes of the aqueous-alcoholic solutions to five volumes with an aqueous 
buffer solution. The buffer solutions employed were those recommended in 
standard works, except that they w'ere made up to a concentration two and a 
half times the normal. They contained in addition sufficient gelatine, as maximum 
suppressor, to render the final solutions O’Oi % wdth respect to this substance. 
The pn of all solutions was determined with a Cambridge pH-meter before 
polarographing. The buffer solutions used were : 

pH 0*5 potassium chloride-hydrochloric acid. 

1*7 sodium acetate-hydrochloric acid. 

3*0 Vpotassium hydrogen phthalate-hydrochloric acid. 

3 - 8 j 

5*7 ^potassium hydrogen phthalate-sodium hydroxide. 

7*4J 

9*2 borax. 

Dissolved 0 | was removed by passing N, for 5 min. ; the gas was previously 
passed through a bottle containing a portion of the solution under test. After 

* This communication forms part of a thesis submitted in Januar^, 1946 
to the University of London in partial fulfilment of the requirements for the 
Degree of Ph.D. 

^ Shikata, Trans, Faraday Soc„ 1925, ai, 42, 53. 

* Shikata and Hozaki, Mem. Coll. Kyoto Imp. Univ., 1931, 17, i, 21. 

« Shikata and Watanabe, J. Agr. Chem. Soc., Japan, 1928, 4, 924. 

* Mfiller, Chem. Rev., 1939, 34, 95. 

* Lingane and Kerlinger. Ind. Eng. Chem. (Anal.), 1940, 12, 750. 

* Ilkovic and Semerano, Coll. Czech. Chem. Comm., 1932, 4, 176. 
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a polarogram had been recorded, the potentials at which diffusion-current 
plateaux were well developed were noted, and the drop-time of the cathode 
determined at these potentials. The cell leads were then disconnected and with 
the electrodes still in position, the cell-resistance was measured. To the value 
so obtained was added the resistance of -the rest of the cell-galvanometer circuit 
and the result employed to evaluate the iR term for the correction of the applied 
voltage to obtain true cathode potentials. The rate of flow of mercury from 
the cathode-capillary was determined at frequent intervals by allowing it to 
discharge into water at 25° c. as suggested by Kolthoff and Lingane.^ 

Results. 

(a) The Nitrobenzenes. —Solutions of nitrobenzene made up in the manner 
described above, over the concentration-range 0*04-0*6 millimolar, were polaro- 
graphed in media of pn 2*5, 5*7 and 9*2, i.e. in acid, approximately neutral, 
and alkaline conditions. A pn higher than 9*2 was not employed, lest alkaline 
decomposition of the nitrocompound should occur. The solutions of lower 
concentration were polarographed at higher galvanometer sensitivities to record 
convenient wave-heights. Typical results are shown in Fig. i. 

The number of electrons involved in the reduction of i molecule of substance 
may be derived, from the Jlkovic equation,® as w — ial^o^ . . C . t»*/® . 

Linganc and Loveridge ® liave proposed the term “ diffusion-current constant " 



for the value of i^jC . w®/® . <'/®. In the polarogram shown, at pn 9*2 (Fig. i (c)) 
ia and C were 7*56 /ita. and 0*60 millimolar, respectively, and at a cathode potential 
of --1*1 v., at which the diffusion-current was well established, the value of 
^2/8 /i/e 1.846, Xhe diffusion-current constant (K) for nitrobenzene is 
therefore 7*56/(0*60 X 1*846) = 6*82. The diffusion-coefficient of nitrobenzene 
may be taken to be the same as that of the benzoate ion,^® which is calculable 
from conductivity data as 8*28 x io“® cm.® sec.”^ at 25° c. The value for n 
for the reduction of nitrobenzene is therefore 6*82/605 x (8*28 x lo”®)'^* = 3*92. 
Since the reduction process must involve a whole number of electrons, it follows 
that the number concerned in this reaction is four. The molecular sizes, and 
presumably also the diffusion-coefficients, of all the nitrobenzenes are of the 
same order, and it is therefore logical to assume for all of them that a diffusion- 
current constant of 6*8 corresponds to a four-electron reduction, i.e. n = 

The value for K for nitrobenzene at pn 5*7 was 6*88 and it therefore follows 
that here also a four-electron reduction occurs. At pn 2*5, there are two waves, 
AT-values being 6*77 and 9*8 respectively. The number of electrons concerned 
in the two stages of reduction are therefore four and six, or if we think of them 
as consecutive reactions, four and two. 

A reduction of nitrobenzene involving four electrons implies production of 
phenylhydroxylamine or azobenzene ; the latter requires eight electrons for 

’ Kolthoff and Lingane, J. Amer. Chem. Soc., 1939, 61, 825 ; Chem. Rev., 

1939. 24, I. 

* Ilkovic, Coll. Czech. Chem. Comm., 1934, 49^ » MacGillavry and Rideal, 

Rec. trav. chim., 1937, 5^» ioi3- 

• Lingane and Loveridge, 7. Amer. Chem. Soc., 1944, 66, 1425. 

Kolthoff and Lingane, Polarography (Interscience Pub. Inc., New York, 
i94i)» 51* 
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each two molecules of nitrobenzene. It is known, however, that azobenzene 
is reducible to hydrazobenzene at pYi values from 1*2 to 13*0.^^ Moreover, the 
reduction potential of azobenzene is more positive than that of nitrobenzene 
at the same If, therefore, nitrobenzene were reduced to azobenzene it 

is to be expected that this would immediately be further reduced to hydrazo¬ 
benzene. This would involve a total of five electrons per molecule of nitrobenzene. 
Since the number actually involved is only four, the reduction-product must be 
phenylhydroxylamine. Although at pn 2*5 the initial reduction-product is 
further reducible, it proceeds to aniline, i.e. a total of six electrons is involved. 
This again implies that the four-electron reduction of nitrobenzene is to the 
hydroxylamine state. 

Since the reduction process at pn 2*5 is different from that at pn 5*7 and 9*2, 
it was decided to investigate other media to ascertain at what pn the change 
occurs. Accordingly, similar experiments were performed at pn 0*5, 1*7, 3*0, 
3*8, 4*1 and 7*4. At the four lower values it was found that the reduction process 
is the same as that at pn 2*5, but at pn 4-1 and 7-4 polarograms similar to those 
at pn 5*7 and 9*2 were obtained. This indicates that there is a fairly sharp 
division between complete and partial reduction of nitrobenzene. From results 
to be described later, it is not considered that this division occurs at a definite 
pn, but over a range which may be narrow, as with nitrobenzene, or fairly wide 
with other substances. It should be noted that the second w^ave in Fig. i (a) 
is not particularly well defined, and at other low pn values it is even less so. 



In tabulating results, therefore, the half-w'ave potentials of these second weaves 
are not given. 

The polarographic half-wave potentials of nitrobenzene at all the above 
hydrogen-ion concentrations are given in Table I. Over the range of concentra¬ 
tion and pn studied, diffusion-currents are directly proportional to, and half¬ 
wave potentials are constant and independent of, concentration. 

The other compounds listed in Table I were polarographed at all pn values 
mentioned above ; their s4)lutions were made up in the same manner as for 
nitrobenzene, except that on account of low^er solubility in aqueous alcohol 
the maximum concentrations (indicated on the accompanying figures) w'ere 
somewhat lower. In each instance it was found that reduction in acid was 
different from that in alkaline media. Fig. 2, 3, 4 and 5 depict typical polaro- 
^ams and Table I gives half-w^ave potentials and numbers of electrons concerned 
in the various reductions, calculated from the diffusion-current constants. 

It is to be noted that o-dinitrobenzene (at pn 3*8), w-dinitrobenzene (pn 3*0 
and 3*8) and trinitrobenzene (^h 3*8 and 4’i) exhibit stages of reduction inter¬ 
mediate between that occurring in acid and that in alkaline media. This is 
presumably because some proportion of the molecules are reduced in (jpe way 
and the remainder in the other. Attention is also called to the fact p-dinitro- 
benzene suffers complete reduction at pn 9*2 ; formation of aci-salts may be 
responsible, as the third step in the current-voltage curve is only just discernible 
at pn 8*6, but quite distinct at pn 9*0 and fully developed at pn 9*2. As with 
nitrobenzene, at all pn values, half-wave potentials are independent of, and 
diffusion currents directly proportional to, concentration. 

Shikata and Tachi, Mem, Coll. Agr. Kyoto Imp. Univ., 1931, 17, 45 ; 1937, 
40, I, II ; 1938. 7 ** 1785- 
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Where an apparently single wave is known to be due to the merging of two 
or more waves, half-wave potentials for the components have been inserted in 
the figures. Reductions involving four electrons are assumed to produce the 



corresponding hydroxjdamine ; those involving an extra two electrons to produce 
the amine. 

(b) The Nitrotoluenes. —Apart from slight differences in half-wave potentials, 
the behaviour of the nitrotoluenes investigated is essentially similar to that of 



the analogous nitrobenzenes. The change from “ acid " to “ alkaline " type 
of reduction covers a wider pH range for the mono-nitrotoluenes than for nitro¬ 
benzene. The half-wave potentials and w-values for the nitrotoluenes are given 
in Table II. The ranges of concentration studied were the same as for the mono-, 



the di- and the tri-nitrobenzenes and as with these, the half-wave potentials 
are independent of, and diffusion-currents proportional to, concentration. 

Discussion. 

(1) Influence of Hydrogen-ion Concentration on Reduction Process 
and on Half-wave Potential.—One feature is immediately obvious from 
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an inspection of Tables I and II, namely the marked change in the re¬ 
duction process as the hydrogen-ion concentration changes. This appears 
not to have been previously reported. Reduction in acid media leads 
in general to the formation of the polyamino-compounds, through the 
intermediary of the hydroxylamines. In alkaline media, reduction is 
not complete ; the polyhydroxylamines are generally produced. The 
change from “ acid to “ alkaline reduction occurs apparently abruptly 
with some compounds and over a range of pn with others. 

It is also of interest to observe that the effect of pn on half-wave potential 
is different in acid and alkaline conditions (see Fig. 6), and that the inter¬ 
sections of the branches of the curves occur in the pn range where reduction- 
process changes. This behaviour appears to be connected with the fact 
that the initial reduction-product is basic and can form salts in acid media, 
by combining with a hydrogen-ion. The “ phenylhydroxylammonium- 
ion " is capable of further reduction if the cathode potential is sufficiently 
low, whereas the hydroxylamine base is resistant to further reduction, 
at least before electrolysis of the supporting electrolyte intervenes. In 
the range between acid and alkaline conditions, some of the reduced 
material will undergo salt-formation and will thus be further reducible. 



The result will be current-voltage curves intermediate between those 
occurring in acid and those in alkaline media. The variation in base- 
strength of the hydroxylamines derived from the different nitro-compounds 
would account for the fact that the range where change from acid to 
alkaline reduction occurs differs for each compound. Since the reduction 
product in acid media combines with a hydrogen ion, it is to be expected 
that the effect of pn on half-wave potential will be different from that in 
alkaline solutions. 

(ii) The Reduction of Nitrocompounds. —It is customary to express 
the reversible reduction of an organic compound as 

A -f- wc -f nH+ = B. 

For irreversible reductions which involve apparently as many as four 
or more electrons and hydrogen-ions, this simple picture is very unlikely. 
The following process which is analogous to that proposed by Heyrovsky 
to account for the relation between the potential, the current, tfind the 
hydrogen-ion concentration in the discharge of hydrogen at the dropping 
electric, appears to be more feasible. The primary electrode reaction 
consists of the reversible deposition of hydrogen ions at the cathode : 

H+ -f e = H.(I) 


“ ref. p. 184. 

Heyrovsky, Coll. Czech. Chem. Comm., 1937, 9, 273. 




TABLE I. POLAROGRAPHIC CONSTANTS OF THE NiTROBENZENES. 
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TABLE II. —POLAROGRAPHIC CONSTANTS OF THE NiTROTOLUENES. 
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This is the reaction which determines the potential of the cathode, and 
which actually produces the observed current. The hydrogen atoms 
remain on the electrode surface, for they are not capable of combining 
together to form hydrogen molecules. The speed at which this reaction 
proceeds is dependent upon the diffusion of organic molecules to the 
cathode, for fresh hydrogen ions can be deposited only when some of the 
hydrogen atoms have been removed by interaction with the reducible 
molecules. Thus the current will be a function of the rate at which re¬ 
ducible material diffuses to the cathode, but independent of the rate at 
which hydrogen ions diffuse, since the pvi is maintained constant in the 
cathode surface-layer by the buffering action of the supporting electrolyte. 
The overall reduction reaction may thus be written: 

H+ -f e = H, 

followed by A -f «H = B 

or A 4- H- H+ = C+. 


The potential of the dropping electrode is therefore dependent upon . 
eqn. (i), i.e. 

£ = Eo - 0-0591 . log ChVC‘h+ (at 25° c.) . . (2) 

where and Ch+ are the concentrations of hydrogen atoms and hydrogen 
ions in the layer of solution in contact with the mercury drop. 

The current at any moment will be proportional to the rate at which 
hydrogen ions replace the hydrogen atoms removed by reaction with 
reducible material, i.e. the current will be proportional to the speed of 
reaction between hydrogen atoms and reducible material, in alkaline 
media, or proportional to the speed of reaction between hydrogen ions, 
hydrogen atoms and reducible material in acid media. Dealing first 
with alkaline conditions, we may write 

i = .... (3) 

where is the concentration of the reducible material in the layer of 
solution immediately in contact with the electrode. Therefore 

Ch® = ijKC^. . . . • (4) 

Now Q® — (i^ — i)lk^, where is the diffusion current and is a 
constant depending upon the diffusion coefficient of the reducible material,^* 
and thus 


C„® ** . ilK(it - i) .(5) 

Combining eqn. (2) and (5) : 


£ = £.- 0-0591. log 



(6) 


The strongly buffered solutions maintain the hydrogen-ion concentration 
constant and equal to that of the bulk of the solution, and we may there¬ 
fore rewrite eqn. (6) : 


Eo — 0-0591. log (kJK) — 0-0591. log — f)] — 0-0591 . pn (7) 
Since in acid solutions, hydrogen ions are also involved, we may write ; 

i = £'C„® . ChIC/.(8 ) 


By the arguments as given above : 

Cg® = . i/K' • • • (9) 

and therefore : 


E Eq-- 0-0591. log (kJK') — 0-0591. log [iKu — »)] — 0-1182 . pn (10) 

Eqn. (7) and (10) are of the same form as that for reversible reactions, 
but the potential is dependent upon log (k^/K) or log {kJK'), i.e. upon 
the diffusion coefficient of the reducible material and upon its reaction 
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rate with hydrogen atoms. Since the electrode potential is independent 
of the concentration of reduced material, the half-wave potential will 
not coincide with the hypothetical oxidation-reduction potential of the 
system. 

Eqn. (7) and (10) predict that the plots of half-wave potential against 
p¥L should be straight lines, with slopes of 0*0501 and 0*1182 v. per pn 
unit in alkaline and acid media, respectively. It is seen from Fig. 6 that 
the slopes in acid are in general about twice those in alkali, as predicted ; 
the divergence from the theoretical values may be connected with the 
fact that K and K' may be dependent upon pn. 

It is also seen from the above that at a given pn, plots of electrode 
potential against log *— f)] should be straight lines with slopes of 

0*0591. Thermodynamic treatment of reversible vsystems gives an 
essentially similar result, except that the slope of the plot of E against 
^^8 \}I(U — ^)] has a slope given by 0*0591/w, where n is the number of 
electrons concerned in the overall reduction giving rise to the polaro- 
graphic wave. Table III gives the slopes of these plots for several of the 
compounds studied, the number of electrons involved in the overall 
reaction, and the slope to be expected if the reactions were reversible. 


TABLE III. 


Comi)ound. 

pH. 

n. 

Slope. 

Expected Slope. 

Nitrobenzene 

2*5 

4 

0*075 

0*015 


9*2 

4 

0*088 

0*015 

o-Dinitrobenzene . 

9*2 

4 

o*o6o 

0*015 



6 

o*o88 

0*010 

m-Dinitrobenzene 

2*5 

8 

0*093 

0*007 

Trinitrobenzene . 

1*7 

12 

i 

0*090 

0*005 


It is seen that although the slopes found are not those to be expected 
they are essentially independent of the number of electrons concerned in 
the reductions, as predicted. 

It can thus bo stated that thermodynamic arguments will predict, 
at least qualitatively, the phenomena observed in the reduction of the 
nitrobenzenes and nitrotoluenes at the dropping mercury cathode, that 
is, (i) diffusion-currents are directly proportional to concentration, (ii) 
half-wave potentials arc independent of concentration, (iii) half-wave 
potentials are linear functions of pn, with slopes greater in acid than in 
alkaline media, and (iv) plots of electrode potential at any point on the 
polarographic waves against log — f)] are straight lines, with slopes 
independent of the number of electrons taking part in the overall reaction. 

(Ill) The Activating Influence of the Nitro-group. —It is seen from 
Table I and II that introduction of a nitro-group raises the reduction 
potential of a nitro-group already in the aromatic nucleus, and that the 
raising of the reduction potential of the first group is greater in the case 
of o- and /)-dinitrobenzenes than in that of w-dinitrobenzene. The effect 
of the nitro-group is thus an inductive one through the carbon chain of 
the benzene ring. Since the nitro-group attracts electrons, its •action 
would appear to be that of weakening the binding of the oxygen atom, 
or atoms, attached to the other nitrogens, so making these easier of re¬ 
moval by atomic hydrogen in the reduction process. It will be seen that 
the introduction of a methyl group into a nitrobenzene niolecule makes 
no marked change in the reduction-potentials of the nitro-groups, though 
o-nitrotoluene is more difficultly reduced than nitrobenzene. 

(iv) Step-wise Reduction of Symmetrical Polynitro-compounds.— 
The reduction of the various nitro-groups of polynitro-compounds gives rise 
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to polarographic waves consisting of a series of steps. It is, however, 
to be expected that the nitro-groups in the symmetrical compounds 
(di- and tri-nitro-benzenes and 2 : 6-dinitrotoluene) would have identical 
reduction potentials. Presumably they have, but as the molecules 
approach the cathode one nitro-group will be nearer than another. Due 
to the dipole nature of the group it will be attracted electrically and 
reduced before the other group can approach sufficiently closely to the 
cathode. The other group, or groups, are then no longer subject to the 
activating influence of a nitro-group and so will have lower reduction 
potentials. 

(v) Wave Separadon. —An interesting feature of the polarographic 
behaviour of the polynitro-benzenes and -toluenes is seen from an in¬ 
spection of Fig. 2-6 and Tables I and II. This is that as hydrogen ion 
concentration decreases, the separation between the component parts 
of a multiple wave increases, i.e. (E^' — increases, as pH increases. 
It has been indicated above that the half-wave potential of a nitro-group 
depends upon the activating influence of other substituents. After a 
first nitro-group has been reduced its effect upon a second or third will 
be that of a hydroxylamine group. As pH increases the electronegativity 
of this group will increase as it is involved less and less in salt formation. 
Its electron-attraction, and thereby its activating influence on other 
nitro-groups, will decrease progressively, and the rate of change of E^" 
with pH will be greater than that of Fj'. 

Acknowledgement is made to the Chief Scientist, Ministry of Supply, 
for permission to publish this paper which describes work carried out in 
a branch formerly of the Armament Research Department, but now of 
the Chemical Research and Development Department. 

Summary. 

The behaviour of the nitro-benzenes and -toluenes at the dropping-mercury 
cathode has been studied to a.scertain the effect of the solvent upon reduction 
processes and reduction potentials. The extent of reduction undergone by the 
nitro-^oups depends upon the acidity of the solvent. In neutral to alkaline 
conditions, reduction generally proceeds to the polyhydroxylamine state, whereas 
in acid conditions stepwise reduction occurs through the hydroxylamines to 
the polyamines. In the region between acid and neutral conditions {pa about 
3-6), a proportion of the molecules are reduced completely and the remainder 
only partially, even at the lowest pos.sible cathode potentials. It is found that 
half-wave potentials are linear functions of pH but that the slope of the con¬ 
necting line changes in the same />H-range as that in which reduction process 
changes. A possible explanation for these changes has been advanced. 

Assuming the reduction to take place through the intermediary of cathod- 
ically, and reversibly, deposited hydrogen atoms, an argument has been 
developed which accounts, at least qualitatively, for the fact that the plots of 
half-wave potentials against log [iKu — »)] are straight lines with slopes in¬ 
dependent of the number of electrons concerned in the overall reaction. As 
predicted by the Ilkovic equation, diffusion-currents produced by a given 
reduction process are directly proportional to the concentration of the compound 
undergoing reduction. 


PART II.—THE NITROPHENOLS.* 

The behaviour of certain nitrobenzenes and nitrotoluenes at the 
polarised dropping-mercury cathode has been reported previously; ^ the 
investigation has now been extended to the nitrophenols. Although 

* This communication forms part of a thesis submitted in January 1946 
to the University of London in partial fulfilment of the requirements for the 
Degree of Ph.D. 

^ Pearson, Trans, Faraday Soc., 1948, 44, 683. 
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Shikata and his collaborators * have studied the polarography of 0-, w-, 
and ^-mono-, and 2 : 4- and 2 : 6-di-nitrophenols and reported single 



reduction potentials for the mono- and two potentials for the di-nitro¬ 
compounds, it was suspected that the complex behaviour of the nitro- 
benzenes and -toluenes might be repeated with the hydroxy-compounds. 



Experimental. 

The apparatus employed was that previously described ^ and the method of 
making solutions was the same except that a universal buffer solution containing 
trisodium phosphate, sodium acetate, sodium metaboratc, and hydrochloric 
acid, as recommended by Newbery,* was used. Measurements were made in 



media of pn 2*0, 4*0, 6*o, 8*o, io«o and 11*9, and, as before, the numbers of 
'' electrons participating in the reductions have been calculated from the 
diffusion-current constants. The mono- and di-nitrophenols were studied over 
a concentration-range of o* 1-1*0 millimolar, and picric acid over a range 0*05 
to 0*5 millimolar and typical records are depicted m Fig. 1-4. 

* Shikata and Watanabe, /. Agr. Chem, Soc. Japan, 1928, 4, 924. 

* Shikata and Hozaki, Mem, Coll. Agr, Kyoto Imp, Univ., 1931, 17, i, 21. 

* Newbery, Trans. Roy, Soc. S. Africa, 1944, 30, 175. 
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Results. 

Half-wave potentials and n-values are given in Table L It ia seen that at 
low pa, (?-nitrophenol is reduced in tw^o stages, as is nitrobenzene, whereas 
at high'/JH reduction occurs in one stage only. At intermediate pn (5-8), some 
of the molecules are reduced to the hydroxylamine state only, and the remainder 
completely to the amine. Supplementary experiments showed that the change 
from a two-stage to a one-stage reduction occurs at about pH 5. 

w-Nitrophenol differs from o-nitrophenol in that it is only at low pn that it 
is reducible to the amine, and even then there appears to be some phase inter¬ 
mediate between the reduction to the hydroxylamine and that to amine. At 
high pu (ii*Q and more) there is evidence of a one-electron reduction ; the sig- 
niAcance of this is not clear. />-Nitrophcnol behaves much like e-nitn)i)honoI, 
except that in alkaline solutions reduction is a two-stage process, involving 
cipparcntly nitrosophcnol as an intennedmry'. At pn 8*o, it appears that about 
23 % only of the molecules reaching the cathode are reduced to the nitroso-state 
at the higher potential. 2 *. 4- and 2 : b-Dinitrophenols behave in a manner 
somewhat similar to the analogous nitrobenzcncs, in that complete reduction 
occurs at low pH and partial reduction only at high. One nitro-group in these 
compounds is reduced to the amine at all hydrogen-ion concentrations : this 
takes place in two stages at high pH with the 2 : 4-isoiTier. 

No half-wave potentials are given for picric acid, as the component waves 
of the polarograms are not sufficiently well defincil. The final diffusion-currents 



are in all instances approximately equivalent to that required for a total of 
if) electrons, though, since the diffusion-coefficient of picric acid may be some¬ 
what lower tlian that of the benzoate-ion upon which the calculations have been 
based, the total involved may' well be greater. It is not clear by what stages 
the reduction proceeds, though three reductions involving approximately equal 
numbers of electrons are indicated. 

For all the above nitrophenols, it has been established that where a diffusion- 
current is sufficiently well defined to permit accurate measurement, it is directly 
proportional to concentration, and that where a half-wave potential can be 
estimated, it is independent of concentration. 


Discussion. 

While the work described above was being carried out, Astle and 
McConnell ^ published the results of their investigations of the polaro- 
graphy of 0- and /?-nitrophenols. They found that in strongly alkaline 
media o-nitrophenol is reduced in one stage to the amine and in acid 
media to the hydroxylamine only'. At intermediate hydrogen-ion con¬ 
centrations, the diffusion-current of the single wave increases gradually, 
with pn, from a value equivalent to a four-electron to one equivalent to 
a six-electron reduction. This they explain as being due to the fact that, 
in acid media, o-nitrophenol has a hydrogen-bonded structure and that 
this bonding interferes with the normal resonance of the nitro-group, 
rendering it more easily reduced than a non-bonded group. It also 

® A.stle and McConnell, /. Amer. Chem, Soc., 1943, 65* 35. 
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stabilises the hydroxylamine formed, so that reduction beyond this stage 
is not possible. In alkaline solutions, there is no hydrogen-bonding 
and reduction is "'normal,” i.e. direct to the amine. At intermediate 
pH, some of the molecules are in the bonded and some in the non-bonded 
state; the proportion of the latter, and therefore the diffusion-current, 
increases with pn. The results quoted in Table I are broadly in agreement 
with this, but it is not possible to agree that the hydrogen-bonded form is 
not reducible beyond the hydroxylamine. o-Nitrophenol behaves much 
like nitrobenzene, except that the anionic or quinoid form present in 
alkaline solutions permits reduction direct to the amine. The results 
reported are thus explicable on the assumption that a neutral molecule is 
reducible in two stages to the amine up to about />h 5, but be3'-ond this 
value reduction is possible only to the hydroxylamine, as with nitrobenzene. 
The quinoid form is reducible to the amine ; the total amount of reduc¬ 
tion will therefore increase as the hydrogen-ion concentration decreases. 
Thus we observe diffusion-current constants (which are equivalent to the 
diffusion-currents in microamperes yielded by a millimolar solution at 
a dropping electrode whose value is i-o) of 6-9, 8*2, 8*7 and 9*4 at 

pH 4-9, 6-0, 8*0, and 10*0, respectively. 

Taking account only of the results from pH 2 0 to io*o, w-nitrophenol 
behaves in much the same manner as nitrobenzene. Since hydrogen- 
bonding is not possible, there is no equilibrium between chelated and un¬ 
chelated molecules. This result is in substantial agreement with that 
reported by Astle and Cropper « for certain nitrocresols. 

/>-Nitrophenol is found to be reducible at all />h values completely to 
the amine, though in media of low pH the reduction proceeds as for nitro¬ 
benzene, and not in a single stage. The occurrence of a nitroso- inter¬ 
mediate stage at high pn may be connected with the stabilisation of the 
reduction-product by isomerisation to the quinone monoxime. 2 : 4- 
and 2 : b-Dinitrophenols behave essentially like the dinitrobenzenes ; the 
complete reduction of one nitro-group at high pH is probably an effect 
of the adjacent hydroxyl. It should be noted that 2 : 4-dinitrophenol 
exhibits a phase intermediate between ” acid ” and ” alkaline ” reduction 
at pH 4*0. 

No clear interpretation can be given to the behaviour of picric acid, 
though it appears that reduction proceeds in three stages at all pn values. 
It should be noted at this juncture that Lingane ’ has shown by coulo- 
metry at controlled potentials that reduction of picric acid in acid medium 
involves seventeen electrons per molecule, the reduction product thus 
being di-(hydroxydiaminophenyl)-hydrazine. 

In those instances where a given reduction process (e.g. reduction 
of one nitro-group to hydroxylamine) persists over a fair range of pH, 
the lines connecting half-wave potential with pH are practically straight, 
slopes about 0-06-0*07 v. per pH unit, and show no break at pn 4-5 as 
do the nitro-benzenes and -toluenes. It thus appears that the hydroxyl- 
group precludes the formation of ” phenylhydroxyl-ammonium-ion ” ^ 
in acid solution. In line with this, it is found that the slopes of the plots 
of against pH for the two persistent waves of 2 : 6-dinitrophenol are 
the same (0-07), i.e. wave-separation does not increase with pH. If 
” ammonium ions ” are not formed, increasing pH cannot influence their 
electronegativity. 

In Table II are listed the characteristics of some plots of cathode 
potential against log [i/(ta — i)] and for comparison the values of the 
slope to be expected if the reductions were reversible, i.e. 0-0591/«, where 
n is the number of electrons involved in the reduction of i molecule of 
substance. It is seen that the slopes are much the same as for the nitro- 
benzenes,^ and it is therefore assumed that reduction also occurs through 

• Astle and Cropper, J. Amer. Chem, Soc., 1943, 65, 2395. 

7 Lingane, ibid., 1945, 67, 1916. 
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the intermediary of cathodically deposited hydrogen atoms, followed by 
interaction between these and reducible material. 

It was observed previously ^ that the introduction of a. further nitro- 
group into a nitrobenzene or nitrotoluene molecule had the effect of raising 
the first reduction potential, i.e. of making the first nitro-group more 
easily reducible than that in the mono-nitrocompounds. The hydroxyl- 
group, contrary to the nitro-group, favours o-/>-substitution by electro¬ 
philic reagents, and must therefore be regarded as essentially electron- 
donating (4- T effect). This will stabilise the bonding of the oxygen 
atoms in the nitro-group, and make them more difficult to remove. In 
line with this concept, it is found that the lowering of half-wave potential, 
as compared with nitrobenzene, is less with m-nitrophenol than with p- 
nitrophenol. The lowering effect of the hydroxyl-group in o-nitrophenol 
is counteracted, as Astle and McConnell ® point out, by hydrogen-bonding 
between the two groups. When further nitro-groups are introduced into 
the nitrophenol molecule these raise the reduction potentials of the 
nitro-group already present, as with the poly-nitro-benzenes and -toluenes. 


TABLE II. 


Compound. 

pn. 

ft. 

Slope. 

Expected Slope. 

o-Nitrophcnol 

2*0 

4 

0*055 

0*015 


8-0 

(5) 

0*092 

0*012 

w-Nitrophcnol 

2*0 

4 

0*082 

0*015 


8*0 

4 

0*092 

0*015 

;^-Nitrophenol 

2*0 

4 

0*080 

0*015 


8*0 

^. 5 ) 

0* 130 

0*012 

2 : 4-Dinitrophenol 

2*0 

4 

0*070 

0*015 



4 

0*075 

0*015 

2 : 6-Dinitrophenol 

()*0 

4 

0*064 

0*015 



() 

0*097 

0*010 


the electron-donating -f T effect of the hydroxyl-group being opposed by 
the electron-attraction (— / effect) of the nitro-group. 


Acknowledgement is made to the Chief Scientist, Ministry of Supply, 
for permission to publish this work, which was carried out in a branch, 
formerly of the Armament Research Department, but now of the Chemical 
Research and Development Department. 

Summary. 

The introduction of a hydroxyl-group into a nitrated aromatic nucleus has 
the following effects upon mode of reduction and reduction potentials. The 
-j- T influence lowers half-wave potentials as compared with the analogous 
nitrobenzene, though hydrogen-bonding when the nitro- and hydroxyl-groups 
are adjacent reduces this lowering. Though the mode of reduction of the 
nitrophenols in ” acid ” media is essentially the same as that of the nitrobenzenes, 
the presence of the hydroxyl-group appears to prevent the formation of phenyl- 
hydroxylammonium ions as the initial reduction product and the plot of half¬ 
wave potential against pH is a straight line without a change of slope at about 
pH 4 as with the nitrobenzenes and nitrotoluenes. It appears alsb' that the 
anionic or quinoid forms facilitate, in general, reduction to the amine instead 
of to the hydroxylamine as with the nitro-benzenes and -toluenes. Reduction 
of ^-nitrophenol in alkaline media proceeds through the nitroso-state. This 
is the only instance so far encountered of the production of such an intermediary. 

British Iron and Steel Research Association, 

Sketty Hall, 

Swansea, 



THE ADSORPTION OF GASES SO,, NH3, CO3 AND 
N2O ON BaFj CRYSTALS. 

By V. A. Crawford and F. C. Tompkins. 

Received 1st October, 1947. 

Reliable data on the adsorption of gases on ionic crystals are few, 
although for certain systems, viz. the inert gases on KCl, NaCl and Csl 
for which it has been possible to calculate the adsorption potential and 
its variation over the surface of the adsorbent,^-* experimental results 
are available showing that some confidence may be placed in the theoret¬ 
ical computations. The same theoretical treatment has been applied 
here, admittedly crudely, to the present systems and the purpose was 
to provide experimental data with which to test these approximate 
calculations. These latter showed that the adsorption of SO 2, NH,, 
CO2 and NgO on BaFa provides good examples of localized physical ad¬ 
sorption in the first layer by reason of the lattice structure of the adsorbent 
and the molecular diameters of the adsorbate molecules. Certain con¬ 
sequences of this, e.g. the constant volume of adsorbates, independent 
of their molecular diameters, in the completed monolayer, the variation 
of the heat of adsorption with amount adsorbed, and the difference of 
this heat, as derived from the multilayer tlieory and from purely thermo¬ 
dynamic considerations have therefore been examined experimentally. 


Experimental. 

Materials. —Barium fluoride was obtained by dropwise addition of calculated 
volumes of m./ 6 HF to hot M./dj Ba(OH)2 w'ith vigorous stirring. The product 
contained irregularly-shaped micro-crystals and amorphous agglomerates which, 
however, were transformed into well-developed cubes of side about 0*01 mm. 
by ageing for two weeks in the mother liquors at 100° c. in the presence of dil. 
HNO3. After Altering, the crystals were thoroughly washed with boiling 
water, dried over solid KOH in vacuo, later evacuated at 130° c., and after lightly 
pressing the aggregates between glass plates, stored over solid P2O5 in a vacuum 
desiccator for one month. 

The four adsorbates were subjected, where possible, to repeated fractional 
distillations from solid CO,-alcohoI baths at low pressure and stored at — 78° c. 
over previously outgassed P2O,. Ammonia was prepared by Barrer’s ® method, 
CO2 obtained from Drikold, and SO2 and NjO from cylinders. 

Apparatus. —This was of the usual volume type and contained a blank 
system so that the adsorption of gas by the glass walls could be measured simul¬ 
taneously. Evacuation to io“* mm. Hg was affected with a single-stage Hg- 
diffusion and Hyvac pump. Volume calibrations at various temperatures of 
adsorbent was accomplished with hydrogen, the adsorption of which had been 
proved negligible even at — 78°c. The temperature range, — 78® to ii9®c., 
was covered by use of (a) low m. p. solids, (b) water circulated from thermo¬ 
stats at suitable temperatures and (c) liquids refluxing at their b. p. under 
atmospheric pressure ; these were contained in Dewar vessels which surrounded 
the adsorbent bulb, containing 35*9 g. BaFi crystals. 

Procedure. —^After a preliminary outgassing at 300° c. for 72 hr., the ad¬ 
sorbent was always evacuated at 200® c. for 12 hr., then allowed to cool for 
I hr., after which i cm. pressure of hydrogen was admitted to hasten attain¬ 
ment of thermal equilibrium ® with the isothermal bath which was placed around 

1 Orr, Trans. Faraday Soc., 1939, 35, 1247 I ^^oc. Roy. Soc. A, 1939, 173, 349. 

• Lenel, Z. physik. Chem. B, 1933, 23, 379. 

* Roberts and Orr, Trans. Faraday Soc., 1933, 34, 1346. 

* Lennard-Jones and Dent, ibid., 1928, 24, 92. 

® Barrer, ibid., I 943 » 39» 237. 

• Tompkins, ibid., 1936, 32, 643. 
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the adsorbent vessel at this stage. After a further i hr., the hydrogen was 
evacuated and successive small increments of adsorbate admitted. The amount 
adsorbed after each admission was calculated from the theoretical pressure 
assuming no adsorption, and that obtained experimentally. 


Results. 

Fig. 1-4 summarize the amounts v of the various gases adsorbed at different 
temperatures. These have been corrected for adsorption on the glass walls ; 
they are expressed in cc. n.t.p. and the equilibrium pressures (/>) in cm. Hg ; 
the values of v have an accuracy of better than i % at the lower p, and 2 % 
at the highest equilibrium pressure, the increase being due to the cumulative 
errors with increasing number of increments; this was restricted to six, and 
other intermediate t;-values obtained after a further outgassing. The amounts 


I 



Fig. I.—Adsorption of SO,. 

Curve No. *123456 7 

lemp. . 0*0 i8*3 31*8 55*9 74-9 98*5 119*6 

adsorbed were independent of the number of increments by which any />-value 
was obtained (with the restriction above) and of whether the fluoride had been 
expiosed to the same or a different adsorbate providing that it w’a^ outg^ssed 
between such experiments ; the outgassing procedure w’as therefore effective. 
The adsorption of the four gases was reversible and complete within 5 min. 
of their admission at all temperatures. No correction w^as necessary for devi¬ 
ations from the perfect gas equation in the pressure range used since> these were 
less than the experimental error. 

Heats of adsorption (AHJ expressed in cal./g. mol. adsorbate in the various 
temperature intervals and for different values of v were calculated from the 
Clausius-Clapeyron equation. The variation of with temperature show^ed 
no constant trend, but it decreased with increase of v for all gases. Since the 
variation was sensibly independent of temperature the AH^-v plots given in 
Fig. 5 are composite ones for the whole temperature range. They show' that 
AH, falls considerably with v in an approximately linear manner. 
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Discussion. 


A preliminary analysis was made using the Langmuir equation ^ 
in the form ; 


V v„ bv^ 


(I) 


where is the amount adsorbed in the completed monolayer and 6 is a 
function mainly of and assumed independent of v. The plot of 

pjv against p was satisfactorily linear over the middle pressure range, 
particularly for the non-polar gases, but at both high and low p, Vexpt. was 
greater than that required by (i). The discordance at low p is largely 
explained by high adsorption at re-entrant angles and cracks, the area 
of these constituting at least 15 % of the total surface. Their presence 
renders speculative any deductions about the variation of heats of ad¬ 
sorption at sparse coverage. The divergences at high p are not due to 



Fig. 2.—Adsorption of NH,. 

Curve No. .123456 
Temp. °c. . 0-0 i8*6 36-0 54*9 73-9 98*4 


the decrease of Ai/<, with increasing v since this would cause the values 
of t^expt. to be still smaller : it suggests an explanation in terms of multi¬ 
layers (Brunauer, Emmett and Teller® (B.E.T.)). 

Their equation may be written in the form : 

= -i- 4- . . . (2) 

{Po - P) cv^ cv^po 


where/>o is the vapour pressure of the liquid adsorbate at T° k ., c ^ e-AHnIRT 
and A)^„ is the net heat of adsorption and equals (A//i — AH,) ; AH, 
refers to the first layer and AH, to the second and is assumed to be equal 
to the heat of liquefaction (AH^). It is implied that c (not necessarily 

pv 

AH,) is independent of v. Fig. 6 shows the plot of ^ against 

\pQ P) 


7 Langmuir, J. Amer. Chem. Soc., 1918, 40, 136. 

® Brunauer, Emmett and Teller, ibid., 1938, 60, 309 
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PIP a lor the four gases at different temperatures selected at random. 
The plots are linear except at low p where departures were anticipated 
(cp. above). In general t/expt. tends to be too small at high p in keeping 


Curve No. 
Temp. °c. 



6 

55*0 



Fig. 4 . —Adsorption of N,0. 

Curve No. 12345 
Temp. ®c. —40*0 —22*8 “-i3-o o-o 23*7 

with the decrease of A/f, and therefore of c (Ai/^ = constant for any 
isotherm) with increasing v. 

However, since c and of eqn. (2) have physical significance they 
should be of the correct magnitude. Now because c = 
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can be evaluated from a single isotherm assuming K — i; the heat of 
adsorption is then AH, + AH^ = AHg. By reference to (2) 

AHg = AHjj + RT loge po + RT log* v„I 

pv 

■where / is the intercept on the 7——— axis; thus a twofold error in 

(Po “ P) 

v„I at 300^^ K. corresponds to 300 cal. showing that the method is capable 
of considerable accuracy. Similarly from the work of Coolidge,® A/if* 
(except at high p where the />-values are not well defined for a particular 
t;-value) is a reliable estimate of the calorimetrically-determined heat. 
Nevertheless where direct comparison of Aiifj? 3<nd A/Zg have been made,^® 



Fig. 5.—Variations of heats of adsorption of SO„ NH,, CO, and N ,0 with 
increasing v, averaged over the whole temperature range. 

the agreement is 10-20 % or worse, and there is, moreover, no consistent 
divergence of the two heats. 

Now K is the ratio of the partition functions of the adsorbed mole¬ 
cule in the first and second layer, i.e. jiHt* or 

if harmonic oscillator models are assumed and^i', jt refer tojthe partition 
functions of all other degrees of freedom. These latter may be approxim¬ 
ated to jV/7 2' = ~ f^o account for the randomness of molecules in the 

second or liquid layer, but v, and vi will differ since refers to vibrations 
of the adsorbed molecule with respect to a plane array of doubly-charged 
ions and v, to an array of dipoles. It follows that K < 1 and that 
AHj < A/iTe; Cassie has likewise shown by some approximate cal¬ 
culations that this should be of general occurrence. 


• Coolidge, /. Amer, Chem. Soc., 1926, 48, 1795. 
*®e.g. Foster, J, Chem. Soc., 1945, 360. 

Cassie, Trans. Faraday Soc., 1945, 41, 450. 
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An experimental estimate of K may be made in the following way. 
From the B.E.T. model 

K, kJK' 
kjk,' 

where K^, K^, are equilibrium constants and ki\ and k^, are velocity 



Fig. 6.—Test of the B.E.T. equation. 

Curve No. (i) N,0 at -4o»o° c. Curve No. C3) SO, at 31-8® c. 

(2) CO, at -17*0'’ c. (4) NH, at 73*9° c. 

The scale for SO, is ten times larger than that indicated in the figure. 

constants referring to condensation and evaporation phenomena at the 
first and second layer respectively! Hence 

RT log. c = RT loge^ - - Af;, + AG, 

= - AH, + AH, + (AS, - AS,)r 

or 8(AS) — R loge c -f- (A//i AH^)IT . . (3) 

and since c K 

then R log© K == 8 (A 5 ). 

Here AH, — A//, must be obtained independently of c i.e. ^ from the 
Clausius-Clapeyron equation and the heat of liquefaction. Unfortunately 
A^f, is not a true measure of AHi since 

AH, = + (I - 

where x is the fraction of v in the first layer ; the correction is large when 
AHi > AH I and p is commensurate with The experimental fall of 
AH, with V is due not only to this, but to (a) the increasing repulsive 
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forces between similarly oriented dipoles and (6) the higher adsorption 
potential existing at the loo plane as compared with the iii plane, etc. 
These two factors are estimated (see later) and Aifi found by extrapolation 
to t; — o. Values of at intermediate v-values can then be calculated ; 
in Table I are collected values of AHi and A//,, i.e. averaged values of 
AHi and AMg over all v-values. Similarly, Anderson in an analysis of 
the region of validity of the B.E.T. equation shows that the range may 
be extended to higher pressures if />© is replaced hy kp^ \ k for most systems 
examined is o*6 to 07. This corresponds to a reduction of 50 cal. at 
78° K. or 500 cal. at room temperature in Ai/,. Consequently, in Table I, 
AH^ values are corrected AHj^ values. As with previous workers, AH^ 

TABLE I. 



SO*. 

NHs. 

N,0. 

CO,. 

AH, 

9000 

8100 

5450 

6750 cal. 

AH. 

8200 

7050 

5220 

3270 

AH, 

7310 

7770 

5040 

4990 ,, 


and AH^ agree within 10-20 % but there is no consistent divergence 
whereas AH^ values are always greater than AHj^. Values of S(A 5 ) in cal./ 
degree and therefore of A" can be calculated from eqn. (3) and are given in 
Table II. The negative entropy value implies that the molecules are more 
ordered in the first layer than in the second layer—the increasing (negative) 
magnitude with increasing T suggests that the disorder is more pro¬ 
nounced at higher temperatures. Similarly the ratio jijj^ is of the order 
of 1/30 if it is assumed that the second layer corresponds to a two- 
dimensional liquid layer in which molecules have lateral mobility. 

TABLE II.— Values of 8 (A 5 ) at Various Temperatures. 


SO: 

!• 

NH; 

1' 

N,0. 

Temp. ®c. 

-< 5 (AS). 

Temp. ®c. 

~( 5 (AS). 

Temp. “c. 

-a(AS). 

53*9 

3*90 

36*0 

2*89 

— 40*0 

3*70 

74*9 

5*03 

54*9 

3*35 

— 22*8 

1*71 

99*5 

5*29 

73*9 

• 3*82 

- 13*0 

3*32 

119*0 

7*46 

119*0 

3*90 

0*0 

3*6o 


Values for CO, are not given here since they appear to be very high (of the 
order of 10 cal./degree) due to the high value of AH (Table I). 


The decreasing heat AH^ with increasing v is due to three causes : 
(a) the inhomogeneity of the surface in as much as the 100 plane has a 
higher adsorption potential than the in, etc., (b) the increasing repulsive 
field in the first layer with increasing coverage and (c) the filling-up of 
higher layers. These are all inter-related so that it is only possible to 
indicate the order of magnitude of each contribution. The difierence 
in AH^ for the 100 and in plane is, according to the calculations here, 
about 1000 cal. The effect of (6) as the first layer is completed is estimated 
by making use of Roberts* formula, viz., 

A^.(«) = K^«/(i+2«fl) 

'•Anderson, /. Amer. Chem, Soc., 1946, 68, 686. 
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where ^ is the resultant field from the crystal, a the polarisability, 
a the distance apart of the dipoles in square array. With = 3-2 x 10® 
E.S.U., a = 3*77 X and a = 4-37A., ^4»e(0) is 810 cal. A similar 

calculation for the permanent moment gives 1100 cal. or a total of 1900. 
This is a maximum value since the van der Waals attractive forces are 
neglected—these however will be small when « is as large as 4-37 a. 
Finally, the value is given by -f (i — where x is the 

fraction of the total in the first layer—since it follows from Hill’s treat¬ 
ment of the B.E.T. equation that 

PlPo = VzRv^ + v^), then AH, = pjp, . (AH, - Mi,) -f ; 

for SO, at 0° c. with AH^ = 5000 cal., or AH, — 4300 cal., AH, (cor¬ 
rected) = 9000 cal. and k = 0 3, the fall is 1500 cal. as p is increased 
from 0-40 cm. The total fall in heat in this range should therefore be 
about 4400 cal. as compared with the experimental value of 4000 cal. 
The agreement is not stressed, but it is felt that the fall is adequately 
accounted for in general by these three factors. 

The constant in eqn. (2) is related to the surface area Ay but some 
confusion is found. The adsorbed molecules can theoretically [a) assume 
the close-packing arrangement of the liquid state when A = no. of mole¬ 
cules in the completed monolayer (N,) x their cross-sectional area as 
derived from the liquid (or solid) density, or {b) be constrained to occupy 
definite sites on the surface, when A ~ N, x (an area determined by the 
lattice parameters of the adsorbent) and is independent of the dimen¬ 
sions of the adsorbate molecule. The test is the magnitude of the vari¬ 
ations of the heat of adsorption 8(AH) which arises from the periodic 
nature of the ionic surface at various points on the surface ; when 
kT < (AH), there is n(3 lateral mobility and localised physical adsorption 
results, i.e. (b) above, but if kT > 8(AH), the layer is mobile and close 
packing may be assumed. In this latter case (a), it is permissible to 
regard the layer as a two-dimensional gas under high pressure (at low v) 
which approaches the two-dimensional liquid state with increasing v ; 
to transform by the Gibbs relation to force-area concepts ; to speak of 
phase transitions and to anticipate a decrease in with increase of 
temperature in terms of the two-dimensional expansion of the surface 
phase. In case (b) however, force-area diagrams have little meaning 
and should be temperature independent; the layer here will corre¬ 
spond more nearly to a solid under a high negative pressure and it can 
undergo phase transitions involving only configurational changes (cp. 
later). 

Eqn. (2) is valid only if case (6) holds ; this is emphasised in the 
statistical treatments of Cassie and later of Hill in a more correct 
form. Even a change from a square array to a hexagonal close-packing, 
as occurs in the A—KCl system at low temperatures must necessarily 
invalidate the statistical reasoning. Now in general, except at liquid-air 
temperatures, localised van der Waals adsorption is rare ; thus with 
inert gases on NaCl lattices 8(AH) is about 500 cal., i.e. a mobile la^^er is 
formed at room temperatures and eqn. (2) is not applicable. Nevertheless, 
it has been used quite generally without regard to this. In certain systems, 
however, immobile layers at room temperatures are possible. 

Thus for A on Csl, which has a body-centred lattice (lattice constant 
== 4*56 A.) and the planes of which contain either all Cs+ or alf I" ions, 
Orr 1 has calculated that 8(AH) is 2068 cal. on the Cs+ faces, and 1321 cal. 
on the I- planes ; thus most of the adsorbed molecules are immobile 
at 0° c. The first value is particularly high because the A atom (r = i -98 a) 
can penetrate into the surface layer of Cs+ ions and make contact with 
the underlying I- ipns. Now the present adsorbent, BaF,, which is of 
the face-centred cubic .group, (lattice constant 6*18 a.) has two planes 

Hill, J. Chem. Physics, 194b, 14 » 263, 268, 441. 
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(loo and m) containing all Ba ions and the adsorbate molecules, the 
largest of which is SO, (r = 2-47 a.), may again penetrate the surface 
Ba layer. Unfortunately it is only possible to calculate in an approximate 
manner because of our lack of knowledge of the repulsive forces operating 
between SO, molecules which makes the value of the equilibrium distance 
(y,) of the adsorbed molecule from the surface uncertain, and also because 
of the marked asymmetry of the molecule. We have, however, taken r, 
to be the sum of the radii of the SO, molecule, assumed spherical, and the 
Ba++ ion (r = 1-30)—cp. A on Csl where a similar assumption was 
necessary ; details for SO, on the 100 plane only are given here. The 
100 plane may be regarded as a square array of Ba++ ions of side 4*37 a. 
with an underlying square of F" ions of 1*30 a. radius, 1-54 a. below the 
Ba++ plane, and of side 3*09 a., the square being rotated through 45° in 
a horizontal plane. The difference in adsorption heat of the adsorbed 
molecule over the centre of a lattice square of side 4*37 a. (I), and directly 

-*> ^ Ba++ ion (II), will give 

^ ^ 5{A//msx.). From Fig. 7, r, — 216 a. 

f \ I \ ; from the plane of the Ba++ ions and 

\ 5 o j V So j : 3-70 A. from the underlying F ions in 

V ^ y V ^ y ^(I), and 3*77 A. and 5-31 A. respectively 

T in (II). In (I), penetration of the 
/aa\ /aa\ ,t, surface layer occurs although not 

J ^ ^ sufficiently for contact with the F- 

\ . * ions. The van der Waals contribu- 

tion has been calculated from the 
jj. polarisabilities (3-77 and i-6 x 10-** cc. 

respectively for SO, and Ba++) and 

**. the ionisation potentials (12*05 and 

10*0 e.v. respectively for SO, and 
Ba'^'+) making use of the summations 
given by Orr. Full details are given 
in his paper and it is only necessary 
• - ^ to note (using his nomenclature) that 

27 ,/> must be used for the Ba+"^^ and 
F- layers in (I) ; and 27 gp for the 
, Ba-'-"''layer, and 27 ,^ for the F- layer 

; j in (II), as may be seen from Fig. 7. 

difference of the van der Waals 
contribution to 8(Ai/) is found to be 
' 3000 cal., the heat being larger for (I). 

A similar calculation (cp. Orr) is performed for the electrostatic forces 
where in case (I) : 


JC 

,♦. 


: / I 

Fig. 7. ^ 


and in case (II) ; 


rPl{p) = Mp) - ft(p + 0-71) 
tPi(p) =Mp) -Mp + 071). 


After subtraction and introducing the values of the dipole moment (i*6o d.) 
and the polarisability of the SO, molecule into the expressions, 8(Ai/) 
(electrostatic) is found to be 3500 cal. and is a maximum ovet the centre 
of the lattice square (cp. a NaCl lattice where h{^H) eiectr.= o) ; the total 
difference is thus 6500 cal. This value appears on first considerations 
to, be very large but penetration of the surface layer allows the adsorbate 
molecule in (I) to be at a distance 1*5 a. nearer the plane of the Ba++ 
ions than is possible in (II). Furthermore, the electrostatic contribution 
is high on account of the permanent dipole associated with, and the high 
polarisability of, the SO, molecule and also because the surface ions 
(Ba++) carry double charges. It may well be that the values of r, taken 
are too small and therefore the value of 8(AH) is too large, but by com¬ 
parison with the A—Csl system (in which the theoretical requirements 
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are more completely satisfied) where 8(AH) is 2000 cal., we may place 
some confidence in the order of magnitude of this value. Similarly, on 
the III face a value of 5500 cal. is obtained assuming that r, (Case I) 
is 2*55 A. Comparable magnitudes are obtained for NH, ; for CO 2 and 
NjO, B(AH) is 2500 cal. less, or about 4000 cal. on the 100 plane. Such 
values necessitate the formation of immobile layers, i.e. the motion of the 
adsorbed molecule is primarily vibrational and it can jump only very 
infrequently from one potential minimum to another except via the pro¬ 
cesses of evaporation and condensation. There is the possibility of a 
phase transition in the first layer; the most likely is from the square 
array to a close-packed structure as indicated in Fig. 8. Proceeding 



The large circles represent the SO 2 molecules : #, position as in Case (I) (Fig. 7) 

O. close-packing. 

on the lines indicated above, the difference in energy between these two 
arrangements is found to be about 4000 cal. Again, although very ap¬ 
proximate in nature, the order of magnitude precludes any configurational 
change (as is found with A on KCl) which would again lessen the validity 
of eqn. (2). Values of may thus be correctly evaluated from eqn. (2), 
and are collected in Table III. For each gas there is a fall of about 14 % 

TABLE III.— Values of at Different Temperatures. 


so,. 

NHs. ' 

N, 0 . 

co». 

Temp. "c. 

Vm 

(CC. N.T.P.). 

Tpinp. "c. 

Vm (cc.). 

Temp. “c. 

Vm (cc.). 

Temp. “c. 

Vm (CC.). 

31-8 

10*19 

i8*6 

12*41 

— 40*0 

11*80 

— 17*0 

10*53 

55*9 

10*36 

36*0 

10*48 

— 22*8 

10*72 

0*0 

10*46 

74-9 

10*19 

54*9 

10*06 

~i 3 -o 

11*08 

18*6 ! 

10*04 

98’5 

8*92 

73*9 

10-33 

0*0 

10*72 

36*0 

9-93 

119*6 

8*89 

98*4 

8-73 

23-7 

• 8-73 

55-0 

9*68 


for a temperature rise of 120° c. ; the mean over this temperature range 
differs by 6 % from the average for all four gases although there are con¬ 
siderable differences in the cross-sectional areas as derived from the liquid 
state (SO„ 19-2; NH„ 12-9: N.O, i6-8 ; and CO „ 17-0 a.‘). The 
constant value is good evidence that the layer is immobile and that 
the area of adsorbent is determined by the lattice parameters. The small 
variation of with temperature is due to the assumption that Ai/,==A//£ 
since there are good reasons for believing that Aif| <Hi, the values 
of pQ used to obtain the linear plots of eqn. (2) and so to evaluate are 
too large and lead to a spurious change of t;„ with T, The small change 
of with r is to be compared with the large temperature coefficients 
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obtained by Ausin and Armbruster,^* and by Wilkins,^® using the Langmuir 
equation. Such a variation is obtained here using this equation and more¬ 
over their empirical relationship (log is a linear function of I/T) is 
also valid. It seems that the reason is the restriction to the formation 
of a single monolayer; this may in fact ^ proved and the log — I/T 
relationship follows from the multilayer theory if we assume that the 
free energy of mixing is negligible. 

In the second layer, the molecules are absorbed on a regular square 
array of dipoles in the first layer. Since the second layer of molecules 
cannot be closer than 4*94 a. to the adsorbent surface, the direct effect 
of the adsorbent field, and in particular the variation of it over the surface, 
is very small. The method of B.E.T.* may therefore be used and the 
adsorption potential due to the first layer of (enhanced) dipoles may be 
calculated together with its variation over the surface. This latter is 
found to be less than 600 cal. so that most molecules will here have lateral 
mobility corresponding to a two-dimensional liquid. Moreover, more 
molecules can be packed into the second layer than in the first layer. 
However, on average, the dipoles in this second layer will be oriented 
parallelwise so that the repulsive field will prevent a packing as close 
as that in the three-dimensional liquid state. This, in part, may account 
for AH 2 being less than AHj^ here. 

One of the authors (V. A. C.) wishes to express thanks to the National 
Research Council and Board of S. Africa for a Research Scholarship held 
during this investigation. 

Summary. 

The adsorption of SOj, NHg, CO, and N ,0 on BaF, crystals has been 
measured at various temperatures between —78 and 119° c. ; from these 
isotherms heats of adsorption have been obtained using the Clausius-Clapeyron 
equation and the B.E.T. equation. The decrease of heats with coverage found 
experimentally is discussed and compared with those expected theoretically. 
Variation in adsorption potential over the crystal surfaces have been calculated 
in an approximate manner and the significance of these discussed from the 
viewpoint of the applicability of the B.E.T. multilayer theory. 

Natal Univerjsity College, Royal College of Science, 

University of 5 , Africa, Imperial College of 

Natal, Science and Technology, 

5 . Africa, London, S.W.j. 

Armbruster and Austin, J . Amer. Chem. Soc., 1939, 61, H17 ; 1938, 60, 
467 ; 1944, 159. etc. 

Wilkins, Proc. Roy. Soc. A, 1938, 164, 496. 


ON SOME PROPERTIES OF CYCLO-OCTA- 
TETRAENE IN RELATION TO STRUCTURE. 

By R. C. Pink and A. R. Ubbelohde. 

Received 16th October, 1947. 

In spite of their limitations, the thermal data reported on cyclo- 
octatetraene ^ are of considerable interest in relation to the structure 
of this compound. 

(1) Approximate Vaporisation Constants. —With quoted b.p. of 
142-143° c. at 760 mm., and 42-42*5° c. at 17 mm. Hg, the mean latent 

1 Reppe, B.I.O.S. Final Report, No. 137, Item No. 22, 1945. 
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heat of vaporisation over this temperature interval, calculated from the 
equation, log p = AH/4*57r -f const., is 9*86 kcal./mole. and the entropy of 
vaporisation at the boiling point is 23*7 cal./deg. These values compare 
with AH = 7*0 kcal. and A 5 — 19*73 cal./deg./mole, for benzene. 

(2) Heat of Formation and Resonance Energy. —The heat of forma¬ 
tion of the liquid 2 is 40 kcal./mole and of the gas (adding the result from 
(i) above) 49-9 kcal./mole., 


i.e. 



49 ‘ 9 ; 

adding 

- 


- 413-6. 




— 994-4. 





Whereas the bond energies SD{C —H) -f 4/>(C—C) + 4D(G=C) 

= 698-4 -j- 234-4 + 4^0:0 = 1332-8. 

Values are taken throughout from Pauling ® so as to base them on a con¬ 
sistent heat of vaporisation of carbon. On this basis the resonance energy 
of the cyclo-octatetraene molecule is 25-3 kcal. compared with 39 for 
benzene. (Much lower resonance energies for CgHg were reported verbally 
at the Xlth International Congress of Pure and Applied Chemistry.) 

While this resonance energy is less than that of benzene and not un¬ 
expectedly high for an aliphatic type of structure, it suggests the possi¬ 
bility that CgHg may have some aromatic character. The reactivity of 
CgHg does not necessarily rule out this possibility completely, since differ¬ 
ences of reaction rate of 1000 : i at, say, 100® c., correspond with differences 
in activation energy of only 5 kcal./mole. Again, phenanthrene is much 
more reactive than anthracene though the resonance energy is actually 
higher, and the aromatic character is quite definite. 

(3) Diamagnetic ' * Structure Constants ’ * as a Test of Aromatic 
Character. —For both theoretical and empirical reasons, the diamagnetic 
susceptibility should provide a much more definite test for the presence 
of “ aromatic ” character than either chemical reactivity or resonance 
energ\\ Theoretically, aromatic character implies the presence of a 
“ pool of electrons with orbits with radius extending over the whole 
of the " aromatic region.^ In the summation of. contributions to the 
diamagnetic susceptibility from individual orbits, of the form 

the presence of giant or “ aromatic " orbits involves a substantially larger 
value of radius ” for the aromatic electrons, and consequently substanti¬ 
ally higher diamagnetism per electron, than in the case of orbits bound 
to single atoms. The only complication in using this enhanced dia¬ 
magnetism as a simple test of aromatic character is the possibility of super¬ 
posed paramagnetic effects. Especially in the polynuclear aromatic 
hydrocarbons, such paramagnetic contributions may mask- the giant 
diamagnetic orbits. This is referred to again in the discussion below. 

Empirically, Pascal's data give Xm ~ ^ where the atomic 

constants and numbers of atoms of one kind w* are inserted from data 
established for a large range of compounds, and the structure Constant A 
allows for double bonds, ring formation, etc.® For our particular problem, 
which is to distinguish between “ aromatic " rings of carbon atoms and 

■ Reppe, B.I.O.S. Final Report, No. i 37 » Rem No. 28, 1945, p. 3. 

* Pauling, Nature of the Chemical Bond (Cornell University Press, 1940)- 

* Coulson, Rev., 1947, ^44 I ^p. Ubbelohde, Nature, 1933* > 33 » 1002- 

‘cp. Selwood, Magnetochemistry (Interscience Press, 1943). P- who also 

gives full references to the literature. 
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cyclic systems of conjugated double and single bonds (c.d.s.b.), the 
empirical distinction on the basis of Pascal’s data is particularly clear 
cut. Thus: 

Benzene c.g.s. units x io“« 


Xmoi. (aromatic ring) 

^moi system c.d.s.b.) 

Xmoi. Direct observation 
Cyclo-octatetraene 


= - 55*02 

= - 37-o8 
= - 55-58 


W (aromatic ring) = - 73-36 

^moi system c.d.s.b.) == — 50-24 


^moi Direct observations (see below) = — 51-9 


The most direct conclusion from our experiments would appear to 
be that cyclo-octatetraene CgHg behaves like a cyclic system of con¬ 
jugated double bonds, and does not give any evidence of an aromatic 
pool of electrons. More subtle possibilities are discussed below. 

(4) Thermal Changes in Solid Cyclo-octatetraene at Low Tem¬ 
peratures.—On condensing CgHg in vacuo, using liquid oxygen (cp. later) 
it was observed that the yellow colour exhibited by both liquid and solid 
CgHg changed more or less completely to white in the neighbourhood of 
the boiling point of oxygen, but reappeared well below the melting point, 
on warming solid CgHg. In view of the possible presence of small amounts 

of a “ diradical " such as |f^ discussion, below) 


this colour change was of particular interest. However, for various 
reasons the change of colour was not very satisfactory evidence of a change 
in the solid (cp. later). Experiments were therefore carried out to test 
for a possible thermal transition in the solid on cooling, and also to test 
for a possible change in magnetic susceptibility at low temperatures. 

Low-temperature magnetic measurements have not so far been 
successful, on account of the difficulties of technique. Measurements of 
the apparent specific heat of CgHg have, however, indicated a transition 
in the solid in the neighbourhood of 98° k. The technique used did not 
make it quite definite whether , the transition was discontinuous or con¬ 
tinuous,* but probably the effect occurs over a range of a few degrees. 
The heat change was estimated to be about 0-4 kcal./mole. and the entropy 
change about 4 cal./deg./mole. The possible significance of this transition 
is discussed below. 


Experimental. 

Samples of liquids were used as follows. 

Cyclo-octatetraene : M.p. —4*85® c., b.p. 30*0® c. at 13 mm. 

Cyclo-octane : B.p. 148-149® c. at 760 mm. 

Cyclo-octene : B.p. 142-144® c. at 760 mm. 

^nzene (Analar, B.D.H.) : B.p. 8o*i i 0*05® c. at 758 mm. 

»-Hexane (B.D.H., spectroscopic¬ 
ally pure) : B.p. 68*5 ± 0*05® c. at 755 mm. 

Cyclohexene (stood over solid KOH 
and distilled) : B.p. 83*2 i o*i® C. at 760 mm. 

As a general rule, the sample of liquid was transferred to one limb of a high- 
vacuum distillation apparatus, using an atmosphere of nitrogen to avoid intro¬ 
ducing oxygen and water vapour in the case of the unsaturated substances. 
The substance was then frozen using liquid air, and after reducing the pressure 
to about 10-* mm. by means of a mercury diffusion pump, it was allowed to 
warm up, and a middle fraction was distilled into a Pyrex pyknometer (Fig. i a) 
which was again frozen, and sealed off in vacuo when sufficiently full. 


• Ubbelohde and Woodward, Proc. Roy, Soc, A, 1947, 188, 358, which gives 
other references. 
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Before fdling the pyknometer in this way, its volume was previously calibrated 
up to various marks, by weighings with distilled water at a known temperature, 
so that the volume of liquid used could be determined by interpolation. The 
pyknometer was also calibrated for measurements of magnetic susceptibility 
by suspending it by means of a Nylon filament (2x Nylon gut) from one arm of 
an Oertling “ chainomatic " balance, weighing down to o*oooi g., in such a 
position that the flat bottom of the pyknometer was situated on the axis of the 



Fig, I. 

I. Thermocouple wires, 2. Polished copper cylinders. 
Differential calorimeter. 


pole pieces of an electromagnet.’ A typical series of calibrations and measure¬ 
ments may be given for benzene. Weighings are in each case the mean of several 


observations. 

Weight of tube empty . ^ . . . . . 7*6943 

Weight of tube with 4*30 amp, in electromagnet . . 7*6918 

Pull due to glass tube 2*5 mg. 

Weight of tube filled with boiled distilled water up to Mark i 11*0525 at 15*5° c. 
Ditto with 4*30 amp. ....... 11*0402 

— 12*3 mg. 

Up to Mark 2 . . . .11-1785 

Ditto with 4*30 amp. ....... 11*1663 ’ 

— 12*2 mg. 

Up to Mark 3 ........ 11*2729 

Ditto with 4.30 amp. ....... 11*2607 

— 12*2 mg. 


’ cp. Selwood, ibid,, p. 3. 
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From these calibrations it was clear that the diamagnetic repulsion was sub¬ 
stantially independent of the exact level of liquid between the three volume- 
calibration marks. 

The tube was emptied, dried, filled with Analar benzene by distillation, and 
sealed off. 

Weight of tube filled with benzene .... 9*8112 at 14*0® c. 

Ditto with 4*30 amp. ....... 9*8002 


-- 11*0 mg. 


Taking a value of — 0*720 X io~* for the volume susceptibility of water, the 
mass susceptibility of benzene calculated from these data by the method de¬ 
scribed by Michaelis* is — 0*713 ± 0*007 X which agrees very well with 
the value quoted by International Critical 2'ables* (•—0*712 X io~® c.g.s. 
units). The various mass and molecular susceptibilities determined in this 
way are given in Table I. The probable error in all cases is i %, 

TABLE I. 

Magnetic susceptibilities x(-~ 1 X io“®) at 20° c. 


Substance. 

X Found. 

^calc. (Pascal/Selwood). 

X (luol.) Found. 

Benzene .... 

0*713 

0*706 

55 *b 

Cyclohexane 

0-805 

0-847 

67-7 

«-Hexane 

0*878 

0*897 

75 -b 

Cyclohexene 

0*701 

0*728 

57*5 

Cyclo-octene 

0*768 

0-759 

84*6 

Cyclo-octane 

0*815 

0*846 

91*4 

Cyclo-octatetraene 

0*499 

0*483 (dbes) 

0-705 (ar) 

51-9 


In the table, some of the experimental values may be compared with the data 
in International Critical Tables, e.g. benzene 0*712, cyclohexane o*8io, w-hexane 
0*888 and cyclohexene 0*711. In general the agreement is within the probable 
error. 

In the column for Xcalc.» susceptibility of cyclo-octatetraene is calculated 
both for the cyclic system of 4 double and 4 single bonds and for the aromatic 
“ pool " of 8 carbon atoms. As is discussed below, the result found experi¬ 
mentally agrees much more closely with the first of these structures. 

Thermal Transformations in Cyclo-octatetraene. —As explained above, 
when solid CjHg is cooled in liquid oxygen it becomes almost colourless, compared 
with the yellow colour of the solid near its melting point. The amount of CgH, 
available was not sufficient to permit exhaustive purification, and it was thought 
possible, though not likely, that the change coloured ^ colourless was due to 
the freezing-out of impurities which remain in solid solution at higher tem¬ 
peratures. Such a freezing out might lead to a break up of the (soft) crystals 
and consequently an increase in apparent whiteness. On the other hand, the 
change might be due to the self-combination of a yellow diradical at low tem¬ 
peratures, to a structure which is probably colourless (cp. which does not, 
however, decide this finally). 



. In the hopes of obtaining more definite information on this point, measure¬ 
ments of the heat content of solid CgH,, relative to copper, were made by plotting 
rates of temperature rise for equal input, in a differential calorimeter. The 
apparatus as finally used is illustrated in Fig. ib. Here Ai and A2 are two glass 

• Michaelis, Physical Methods of Organic Chemistry (ed. Weissberger), (Inter¬ 
science Press), Vof. 2. 

® Int. Crit. Tables, Vol. VI, p. 354. 
ibid., p. 362. 
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vessels silvered on the outside to minimize radiation, and as nearly similar as 
possible. A polished copper cylinder hangs by thin copper wires centrally inside 
Ai. The Pyrex tube filled with C^Hg (Fig. la) slips inside this, and good thermal 
contact is ensured by a thin layer of J Apiezon oil. A copper cylinder of 
the same outer dimensions hangs inside A2. The mass of copper in this cylinder 
is adjusted by adding a piece of copper wire, by trial, so that the two cyl^ders 
are as nearly as possible of equal heat capacity when empty. Two thermo¬ 
couples are inserted into the cylinder Ai. One of the.se has the other junction 
in ice, and serves to measure its temperature. This couple is calibrated at the 
boiling point of liquid oxygen and the freezing point of mercury. The second 
couple has its second junction in A2 so as to measure the difference in temperature 
between the copper cylinders in Ai and A2. Dummy wires similar to the thermo¬ 
couple in AI are also inserted into the appropriate hole in A2, so that any heat 
conducted to the two copper cylinders is as nearly as possible equal. 

It was found desirable to start at the lowest available temperature, so that 
the outer Dewar flask (not shown) was fitted with a vacuum-tight lid. By rapid 
pumping off, the liquid oxygen in the Dewar could be partially frozen. At the 
beginning of each experiment, the apparatus was filled with hydrogen whilst 
the temperature of the outer bath was reduced to the freezing point of oxygen. 
When both blocks had attained the bath temperature the hydrogen was pumped 
out, and after a vacuum of io~* mm. or lower had been attained the bath was 
removed. The blocks slowly gain heat by conduction and to some extent by 
radiation, at closely similar rates. The temperature of Ai and the temperature 
difference A 6 between the blocks are plotted a-s a function of time. 

Assuming Newton’s law of cooling, the rate of gain of heat of the blocks in 
AI and A2 is 

CidOJdt ^ kiidi - 0r) 

C^ddjdt - k^{e^ - dr) 

where the constant is assumed the same owing to the similarity of external 
conditions, and C, is the total heat capacity of the block and its contents in Ai, 
Cj of the block in A* and 6 ^ the effective temperatures of the surroundings. 
Writing Cj = Cj -f- AC where AC, the difference in heat capacity, may include 
heats of transition, and subtracting, 

C,dA 9 /d/ + ACd 9 j/d/ = A,A 9 = 

{“t “rf 

Since the weight of copper is known, all the quantities in this expression can 
be calculated. Any large heats of transition are marked by pronounced changes 
of slope in the plot of A^ against t. 

The curves showed evidence in the case of Cgllg that there was a transition 
which appeared to occur over several degrees with a maximum around —175° c. 
It was not possible to evaluate the heat of transition at all accurately. Approxim¬ 
ate estimates are 

AH = 400 cal. mole. 

AS — 4 cal./degree/mole. 

There was some evidence that it was necessary to cool the solid for some time 
well below the transition point in order to complete the change to the low tem¬ 
perature structure. 


Discussion. 

Structure and Diamagnetism. 

The probable error in our susceptibility measurements is rb i %. 
which appears to be usual in this type of measurement.^^ Definite 
significance may thus be attached to differences in molecular suscepti¬ 
bility exceeding this probable error. The purity of some of the cyclic 
compounds used could not be assessed very closely, owing to the rela¬ 
tively small quantities available, but since the likely impurities such as 
water or organic compounds in the CaHg would not have widely different 
susceptibilities, this uncertainty is unlikely to aflfect the data by more 
than a few figures in the third place in Table I. The main conclusion 
seems to be quite definitely that the diamagnetic susceptibility of cyclo- 
octatetraene accords with a cyclic system of conjugated double bonds. 

cp. Michaelis, p. 1226. 
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This agrees with recent observations on the infra-red and Raman spectra 
and would explain the chemical reactivity. 

Table I gives the values of calculated by means of Pascal's con¬ 
stants.^* Our data also permit certain calculations independent of these 
constants as follows— 

(i) (cyclo-octane—cyclo-octatetraene) = 39-5 

(cyclohexane-benzene) = I2*i 

It is evident that the difference in diamagnetism between benzene and 
cyclohexane is markedly less than the difference between CgHg and cyclo¬ 
octane. This is most simply explained, as above, if CgHg does not exhibit 
“ aromatic " diamagnetism. 

(ii) Pascal's data show that the constitutive correction for double 
bonds is almost the same whether these are conjugated, or in isolation.'* 
From the data in Table I, x^ (cyclohexane-cyclohexene) = 10 2 units. 
Using Pascal’s nomenclature, this gives a direct experimental value 
for 2(H) — A(C=C) = 10*2 units. If CgHj behaves as a cyclic system 
of conjugated double and single bonds with no aromatic character, 
the value of Xf^ (cyclo-octane—cyclo-octatetraene) should be 4 times this 
quantity, i.e. 40-8 units, in good agreement with the experimental value 
of 39*5- Thus, these calculations support the interpretation of CgHg 
as “ aliphatic." 

An alternative hypothesis may however be considered, viz. that CgHg 
consists mainly of an " aromatic hydrocarbon " with mass susceptibility 
about —0*705 X lo-*, as, calculated from Pascal’s constants, together 
with a very small amount of paramagnetic diradical, for example with a 
structural formula : 



This would have two unpaired electrons and from Paulings' formula the 
magnetic moment would he = V n(n -f 2) = Vs = 2*83 Bohr mag¬ 
netons.'® Neglecting the diamagnetic contribution, the molecular sus¬ 
ceptibility = (/^/2'83)*/T magnetons for the diradical. The molar 
susceptibility at 292° K. for 100 % of the diradical would be 3413 x io-« 
c.g.s. units. 

The mol. fraction x of diradical required to raise the mass suscepti¬ 
bility of CgHg from the value for an aromatic hydrocarbon CgHg 
(— 0*705 X io-«) to the observed value of — 0*499 x io~® can be cal¬ 
culated from the equation : 

3413^ + 73-3 (I - ^) = 51-9 

21-4 , , 

I. e. X = -^ = 6*27 X 10-"®. 

3412*3 

This amount of diradical might be expected to decrease with fall in 
temperature, if the tautomeric equilibrium 

O “ dX 

'• Flett, Cave, Vago and Thompson, Nature, 1947, 159, 739 ; Lippincott, 

J. Amer. Chem. Soc., 1946, 68, 1868. See also Bastiansen, Hassel and Langseth, 
Nature, 1947, 160, 128. 

'* Selwood, ibid., p. 52. '*cp. Selwood, ibid., p. 52. 

'* Michaelis, ibid., p. 1237. 
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shifts in the direction of the structure of the lower energy with fall in 
temperature. At 292° k. the free energy change cyclic (aromatic) di¬ 
radical with the above concentration would be, on this basis : 

AG - - Rr In K 

= — 4*57r log (6*27 X 10-®) = 2*9 kcal./mole. 

It is not possible to assess the heat change and thus to calculate the tem¬ 
perature coefficient. But any decrease in % of diradical with falling 
temperature would to some extent mask the increase in effective magnetic 
moment with falling temperature. 

Following this hypothesis, if it is supposed that the yellow colour 
and unduly low diamagnetism of CgHg are due to a small % of a diradical, 
the change from yellow ^ white which is observed on cooling should be 
accompanied by a substantial increase in diamagnetism. The temperature 
at which the transition is observed in the solid is around —175° c. and 
up to the present it has not been possible to carry out magnetic measure¬ 
ments below the transition point. Thus this possibility must be left for 
further experimental work to decide. 

The calculations given above refer to small amounts of one particular 
“ tautomeric form ” of CgHg. From the chemical reactions described 
by Reppe, two other tautomeric forms might be present in small amounts, 
viz., 

X according to Pascal 
8C — — 48*00 
8H — 23*44 
Three C=-C — 16*50 

4-membered ring — 4- 3*05 



- 51-89 



^gpec ^ c.g.s. units. 

8C “ 48*00 

8H = — 23*44 
Two C—C — -j- 11*00 
Two 3-membered rings = -f 8*2 


- 52*24 


Ifspec = 0*502 X lo“*. 

Although one or both of these tautomers may be present in small amounts, 
their presence in such ar^ounts would not help to explain why the observed 
diamagnetism at 20° c. falls so far below that of an “ aromatic ” structure. 

In the above calculations, it should be noted that no allowance has 
been made for possible temperature-independent paramagnetic contribu¬ 
tions to the susceptibility. Any evidence for such contributions in aro¬ 
matic compounds is very limited, and they are not* likely to be important 
except in systems with several fused rings. • 

For example, the experimental average susceptibilities collected by 
Krishnan and Banerjee i’ (see Table II) agree within a few % with the 
calculated values according to Pascal, which do not allow for such para¬ 
magnetic contributions. 

Thanks are due to Messrs. I.C.I. (Dyestuffs Division) for the gift of 
samples of cyclo-octatetraene, cyclo-cctane and cycio-octene. 

cp. perhaps, Enderlin, Ann. Chim., 1938, 10/5. 

Krishnan and Banerjee, Phil. Trans. Roy. Soc. A, 1935, 234, 278. 

“ Maccoll, Nature, 1946, I 57 » 695. 
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TABLE II.— Tests of Pascal's Constants for Aromatic Hydrocarbons, 
USING Data from Krishnan and Banerjee. 

(Mean molar susceptibilities X io“*.) 


Hydrocarbons. 

Found. 

X„Calc. 

(Found-calc.). 

Hexamethyl benzene . 

- 122-5 

— 126-2 

+ 3*7 

Durene (tetramethyl benzene) 

— IOI -2 

— 102-5 

+ 1*3 

Terphenyl 

-152 

-153*3 

+ 1*3 

Triphenylbenzene 

— 203 

— 202-5 

- 0-5 

Dimesityl .... 

— 171-6 

- 169-5 

— 2-1 

Fluorene .... 

— 99*5 

— 110-2 

•—10-7 

Phenanthrene 

— 129 

— 128-1 

- 0-9 

Chrysene .... 

~ 160-7 

— 164-2 

•f 3*5 

Pyrene .... 

- 154*9 

-146-3 

- 8-6 

Pluoranthene 

-138-4 

-146-3 

+ 7*9 


Summary. 

Calculations from published data show that the latent heat of vaporisation 
of liquid cyclo-octatetraene is comparable with that of benzene. The Trouton 
constant is 23*7 cal./degree/mole. Measurements have been made of the dia¬ 
magnetism of the liquid. The values have been compared with cyclo-octane, 
cyclo-octene, cyclo-hexene, and benzene to test whether the rather large resonance 
energy of CgHg might be ascribed to aromatic character. .It has been found 
that the diamagnetism of CgHg agrees with a cyclic system of conjugated double 
bonds with no evidence of an aromatic pool of electrons. However, the presence 
of as little as o*6 mole. % of a diradical may upset this interpretation of the 
experimental data. Thermal measurements on solid CgHg indicate a transition 
in the solid state at about 98® k. An observed colour change from yellow to 
(almost) white appears to be associated with this transition. 

Chemistry Laboratories, 

Queen’s University, 

Belfast, 


THERMODYNAMIC FUNCTIONS OF THE 
QUARTIC OSCILLATOR : APPLICATION TO 
CYCLOBUTANE. 

By T. L. Cottrell. 

Received 16th October, 1947. 

Bell ^ has shown that in certain modes of vibration of plane rings the 
potential energy for small displacements is proportional to the fourth 
power of the displacement. This type of vibration is likely to occur in cyclo¬ 
butane and its derivatives, in a number of halides having the formula 
and in the hydrides of the group HI elements. Since one of the 
possible methods of confirming the existence of such vibrations is the 
calculation of the thermodynamic properties of suitable molecules, and 
comparison of these with experiment, it seemed desirable to make avail¬ 
able a sufficiently accurate calculation of the thermod3mamic properties 
of the quartic oscillator. 


' Bell, Proc, Roy. Soc, A, 1945, 183, 328^ 
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For a potential function V(x) = ax*‘, the wave equation is 


dV 

df* 


4- (A - = o 



(I) 


and W is the total energy. 

Bell,^ using the numerical difference equation method of Kimball 
and Shortley,* obtained the eigenvalues of A for the first 4 levels to an 
estimated accuracy of about 2 %. Accurate values for the first 5 levels 
have now been obtained by the linear variation method by Coulson and 
McWeeny * and it is, therefore, now possible to calculate the thermo¬ 
dynamic functions fairly accurately. 

In column (a) of Table I are quoted Coulson and McWeeny’s results, 
which are accurate to the number of figures given, and have in fact been 
obtained to several more significant figures, which have not been quoted 
because they are not required for the present work. Bell’s results are 
quoted in column (6) and in column (c) are given results obtained using 
the first term of the Brillouin-Wentzel-Kramers (B.W.K.) expression 


TABLE I. —Eigenvalues of Eqn. (i). 



(«)• 

(b). 

(cl 


i*of>o36 

1*09 

0*87 

Ai 

3*7997 

3*81 

3*75 

Af 

7*4557 

7 * 3 fi 

7*41 

A3 

11*645 

11*40 

11*61 

A. 

16*262 

i 

16*24 


for the eigenvalues (cp. eqn. 4-7 of Bell’s paper). Inserting numerical 
values in the B.W.K. expression we have 

A, = 2-i86(n + .... (2) 

which seems to give fairly accurate results. In the following calculations 
the eigenvalues in column {a) of Table I have been used for the first 5 
levels, and those obtained using eqn. (2) have been used for the higher 
levels. 

The lowest spectrum frequency is given by 



Thus WJkT, where Wn is the energy of the nth level, is given by 
WJkT = ..A/ 



If the usual thermodynamic convention is adopted that the lowest 
energy level has the value zero, i.e. the energy zero is the energy possessed 
by the oscillator in the lowest vibrational state, A^ is put equal 1:o zero, 
and the values of A„ given in Table I are replaced by A^ — 1*06036. Thus 
the values of A^' used in the calculations are given by 

A^ — 1*06036 
^ " 2*7393 

* Kimball and ^hortley. Physic. Rev., igiA* 45 * 815* 

* Coulson and McWeeny, Proc. Camb. Phil. Soc. (in press). 


( 5 ) 
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The zero-point vibrational energy of the oscillator is given by 

IT. = = 0-3871K . . • (6) 

Ai Aq 

which is to be compared with the familiar J/ivq for harmonic oscillator. 

By the usual formulae/ considering N oscillators, we have for the 
vibrational partition function, Q^, the free energy, G^, the entropy S^, 
the heat content and the specific heat C* : 

0, =21 exp (- zV) 

G, = - RT In Q. 

S, = Rpn 0 ,• • • - 17 ) 

*- ’^•11 

H, = E. = RT~yzX„' exp (- zA.') 

n 


TABLE II, —Thermodynamic Functions of the Quartic Oscillator. 


z . 

<?. 


( m -~ Eo ^) IRT . 

S/K. 

C/Jtt. 

0*30 

2*9806 

1*0921 

0*6522 

1-7443 

0*7409 

0-35 

2*6984 

o*9(^27 

o-r> 37 () 

1-6303 

0-7388 

0*40 

2*4806 

0*9085 

0*6233 

1-5318 

0-7365 

0*45 

2*3069 

0*8359 

0*6092 

1*4451 

0*7340 

0*50 

2*1650 

0*7724 

0*5955 

1*3079 

0-7314 

0-55 

2*0468 

0*7163 

0*5821 

‘ 1*2984 

0*7287 

o*6o 

1*9468 

0*6662 

0*5689 

1*2351 

0*7259 

0-65 

1*8612 

0*6212 

0-5559 

1*1771 

0*7229 

0*70 

1*7869 

0*5805 

0*5432 

1*1237 

0*7198 

0*7.5 

1*7219 

0*5434 

0*5307 

1*0741 

0*7166 

0'8o 

1*6645 

0*5095 

0*5184 

1*0279 

0-7133 

0-85 

1*6136 

0-4785 

0*5063 

0*9848 

0*7100 

0*90 

1*5681 

0*4499 

0*4944 

0-9443 

0*7065 

0-95 

1*5272 

0*4234 

0*4827 

0-9061 

0*7030 

1*00 

1*4903 

o*39<>o 

0-4713 

0*8703 

0*6993 

1*2 

1*3730 

0*3170 

0*4271 

0*7441 

0*6834 

1*4 

1*2896 

0-2544 

0*3858 

0*6402 

0*6656 

1-6 

1*2280 

0*2054 

0-347^ 

0-5525 

0*6457 

1-8 

1*1813 

0*1666 

0*3111 

0*4777 

0*6235 

2*0 

1-1452 

0-1356 

0*2777 

0-4133 

0*5988 

2*.5 

1*0851 

0*0817 

0*2054 

0*2871 

0*5279 

3*0 . 

1*0507 

0*0495 

0*1483 

0*1978 

0*4481 

4*0 

1*0184 

0*0183 

0*0728 

0*0911 

0*2901 

5*0 

1*0068 

0*0067 

0*0336 

0*0403 

0*1673 

6-0 

1*0025 

0*0025 

0*0148 

0*0173 

0*0890 


The functions actually tabulated are 0 , — (G® — Efi^)IRT, (H^ — E^^)/RT, 
S/R and C/R, which are dimensionless quantities. These are given in 
Table II. They were obtained by direct summation, there being no satis¬ 
factory approximation method which would have involved much less 
labour. The values of C/R and (if® — Eq^)/RT for values of z from 0*30 
to 1*00 were calculated at intervals of o-io, and the 0*05 intervals were 

* Mayer and Mayer, Statistical Mechanics, p. 128. 
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obtained by interpolation. The Q and — (G® — Eo^)/RT values,, however, 
were calculated separately for each interval. In the range z = 0-30 
to i-oo, at intervals of o-io the values of C/JR and S/R were checked by 
repeating the calculations with A® = 1-06036, instead of setting the first 
level equal to zero. This should give the same result, since these quan¬ 
tities are independent of the energy zero chosen ; in no case did any of 
the values differ from those previously obtained by more than one in the 
fourth place of decimals, showing that the calculations are consistent to 
this standard. The results for higher values of z are probably equally 
accurate. 

In the range z — 0-3 to z = i-o the intervals are sufficiently close 
for adequate accuracy to be obtained by graphical interpolation for the 
heat-content function and the heat capacity, but the use of an interpola¬ 
tion formula is necessary for the free-energy function or the partition 
function. Since in general the fourth-power vibration would be expected 



Fig. t.—G raph of CjR and (//» - /:%)/Rr against z hvjkT for the harmonic 
oscillator and the quartic oscillator. 

to have a fairly low frequency, the functions have only been calculated 
for fairly wide intervals of the argument from z ~ 2. The chief interest 
of the complete range of values calculated is in comparing the functions 
for the quartic oscillator with those of the harmonic oscillator. In Fig. i, 
(FT® — Eo^)/RT and C/R are plotted against z for the two types of os¬ 
cillator. Tlie values for the harmonic oscillator are from tables given 
by Sherman and Ewell.® Qualitatively the results are as might be ex¬ 
pected, but it is of interest to note that C/R for the quartic oscillator 
does not, as Bell indiep-ted, exceed the high-temperature classical value 
of 075. 

Application to Cyclobutane. 

The thermodynamic functions for cyclobutane in the ideal gas state 
have been calculated in the usual manner,® using the harmonic oscillator 
approximation. The vibrational frequency assignment is due to Wilson ’ 
and, with him, the following molecular dimensions are assumed,: C—C, 

1.53 A ; C—H, 109 A ; CCC, 90° ; HCH, 109° 28'. These lead to moments 
of inertia of 132-56 and 76-89 x io~®® g. cm.*. Cyclobutane belongs to 
the point group and the s)rmmetry number = 8. 

® Sherman and Ewell, J. Physic. Chem., 1942. 46 » 64*- 
® cp. Herzbeirg, Infra Red and Raman Spectra, 

’ Wilson, J. Chem. Physics, 1943# *** 3 ^> 9 - 
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In the calculations the values of the fundamental constants quoted 
bv Wacman, Kilpatrick. Taylor. Pitzer and Rossi^* l«v» brnn used. 
These differ slightly from those given by Hersberg * in the value of JR. 
which, because df the use of the themocbemical calorie, is 1-98718 
cal./deg. mole. 


TABLE III .— Thermodynamic Functions of Cyclobutane 


(Units : ralories per degree, except for (/f® — Eq^) which is in kcal.) 


T ° K . 


-(G®- 



( HO - 

-£o®). 

C 

' p ' 

a .* 

b . 

a . 

b . 

1 

b . 

a . 

b . 

a . 

b . 

289*16 

62*49 

6 i -99 

51*34 

51*13 

11*15 

10*86 

3*325 

3-238 

17*35 

16*87 

300 

62*60 

62*09 

51-41 

51-20 

11*19 

10*90 

3*357 

3-269 

17-46 

i 6-99 

400 

68*50 

67*86 

54-94 

54-64 

13-56 

13*22 

5*426 

5*289 

23-84 

23-35 

500 

74*49 

73*73 

58-25 

57-87 

16*23 

15*86 

8*117 

7*931 

29*76 

29*26 

600 

80*36 

79-51 

61-45 

6 o *99 

18*91 

18*52 

11*35 

II*II 

34*70 

34*20 

700 

86*03 

— 

64-56 

— 

21*47 

— 

14*84 

— 

38-83 

— 

800 

91*45 

• — 

67-58 

— 

23*86 

— 

19*09 

— 

42-32 

— 

900 

96*61 

— 

70-52 

— 

26*09 

— 

23*48 

— 

45-30 

— 

looo 

101*51 

—— 

73-38 


28*14 


28*14 


47-85 



♦ (a) Values—harmonic oscillator. 

(h) Values—ring-bending vibration quartic. 

The harmonic vibrational contributions were calculated from Sherman 
and Ewell's tables.® 

The thermodynamic functions have also been calculated on the 
assumption that the out-o.f-plane ring-bending frequency makes the 
vibrational contribution of the quartic oscillator. Following Bell in the 
assumption that the quartic vibration can be treated independently of 
the other modes of vibration of the molecule, its contributions to the 

TABLE IV.— ^Thermodynamic Functions of Cyclobutane 
Vibrational Contributions 
(Units : calories per degree.). 


T® K. 

^vlb. 

_(GP_ 


{HO-EoO)IT. 

C. 


a . 

b. 

a. 

b. 

a . 

b. 

a . 

b. 

298*16 

5*056 

4*553 

1-852 

1*642 

3*204 

2*911 

9*398 

8*920 

300 

5*115 

4*610 

1-874 

1*662 

3*242 

2*948 

9*515 

9*037 

400 

8*732 

8*086 

3-117 

2-813 

5*615 

5*273 

15*886 

15*405 

500 

12*941 

12*185 

4-657 

4*273 

8*284 

7*912 

21*810 

21*313 

600 

17*362 

16-515 

6*402 

5*949 

10*960 

10*566 

26*748 

26*249 


thermodynamic functions may be Estimated from the results given in 
Table II. Wilson’ has assigned a frequency of 145 cm.^i to the ring- 
bending vibration. In Table III the total thermodynamic functions for 
cyclobutane obtained on the two assumptions are tabulated, and in 
Table IV the effect on the vibrational contributions is shown. From 

• Wagman, Kilpatrick. Taylor, Pitzer and Rossini, /. Ees, Nat, Bur, Stand,, 
1945s 34 . 143 - 
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Table III it is obvious that the efiect should be detectable experimentally, 
both in the specific heat and in the entropy. 

The author wishes to express thanks to Mr. McWeeny and Prof. C. A. 
Coulson for allowing him to use the energy levels from their paper before 
publication, to Mr. R. P. Bell, F.R.S., for helpful discussion, and to the 
Explosives Division of I.C.I. Ltd., for enabling him to carry out the work. 

Summary. 

.The partition function, the heat capacity, the heat-content function, the 
free-cnergy function and the entropy have been calculated for the oscillator 
with potential function V{x) — ax*, and are tabulated for values of z ~ hvjkT 
of 0*30—(0*05) —1*00—(0*2) —2'0—(0*5)—3*0—(1*0) —6*0. Using these tables, 
the thermodynamic functions of cyclobutane have been calculated, on the 
assumption that the out-of-plane bending vibration of the ring obeys a quartic 
potential function. The results are compared with those obtained assuming 
all vibrations to be harmonic, and it is suggested that the difference in specific 
heat and entropy should be detectable experimentally. 

Physical Chemistry Laboratory, 

Oxford. 


THE THERMAL CONDUCTIVITY OF ORGANIC 
MATERIALS NEAR THE MELTING POINT. 

By J. H. Read and D. M. G. Lloyd. 

[Communicated by Prof. W. E. Garner.) 

Received 21st October, 1946, as revised igth October, 1947. 

Though there have been numerous measurements of the thermal 
conductivity of liquids and of solids and of the dependence of thermal 
conductivity on temperature, few measurements have been carried out 
at, or near, the melting point. The behaviour of solid and liquid sulphur 
has been investigated with the aid of a special apparatus,^ but even in 
this case it proved impracticable to take measurements at the melting 
point. Measurements of specific heat near the melting points of organic 
materials, such as those of Ubbelohde' on long-chain paraffins,* have been 
of value in interpreting the phenomenon of melting and for the theory 
of liquid structure, so that it seemed likely that measurements of thermal 
conductivity should provide additional information. The difficulty of 
constructing an apparatus suitable both for solids and for liquids and 
capable of operation during the very considerable volume changes near 
the melting point has been overcome, and this paper is mainly devoted 
to the experimental technique involved, though some interesting results 
are described. 


Experimental. 

It was clear that most of the thermal conductivity apparatuses previously 
described * were quite unsuited to the present investigation. With sqfids, the 
main difficulty is the elimination of air-gaps and temperature discontinuities 
between the sample and the surfaces across which the temperature gradient 
is applied. It is important that the structure of a polycrystalline, anisotropic 
specimen should be capable of examination and specification. 

^ Kaye and Higgins, Proc. Roy. Soc. A, 1929, laa, 633. 

* Ubbelohde, Trans. Faraday Soc., 1938, 34, 282. 

* See the useful summaries 'mArchiv. Technisches Messen, May I 943 » V9213-3, 
and Hutchinson, Trans. Faraday Soc., 1945* 4 *» S7. 

25 ♦ 
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For liquids, the hot-wire " method of Goldschmidt/ of which a convenient 
modification has recently been described/ is one of the most reliable, and it 
was therefore adapted to measurements on solids. In principle, a very thin 
platinum wire is embedded axially in a cylinder of the material under test, which 
IS immersed in a thermostat. Passage of an electric current through the wire 
raises its temperature, setting up a temperature gradient through the sample. 
The heat supplied by the wire is readily calculated from the resistance and current; 
the resistance also gives the temperature of the wire, provided that the tem¬ 
perature coef&cient of resistance is known. Hence the thermal conductivity 
of the sample may be calculated. 

Preparation of Test Pieces. —Initially, cylinders of the material under test 
were cast with the platinum wire embedded axially, and immersed directly 
in the thermostat; but by this means measurements could only be carried out 
at temperatures below the melting point. 

The apparatus employed for obtaining readings over the melting-point is 
shown in Fig. i. A length of platinum -wire (A) of 0*05 mm. diam. (only the 
best quality, such as Johnson, Matthey’s “ theimo-pure " 
variety, is suitable) was soldered between two brass end- 
pieces, the lower of which (B) was ground to fit a hole in 
the bakelite plug (C), which was tightly held in the thin- 
walled cylindrical brass container (D), of i cm. internal 
diam. The upper end-piece (E) was held by a set-screw 
(not shown in Fig. i) in a brass collar (F) itself screwed to 
the flange (G) which was soldered to the outside of the 
tube. The collar, and so the end-piece, was insulated from 
the flange and tube by Bakelite washers (H) of such design 
as to eliminate as far as possible, the distortion and splitting 
that so readily occur with an apparatus intended for use 
over a wide temperature range, and to make possible their 
easy replacement. The flange was threaded on the out¬ 
side, and a wide brass funnel (I) could be screwed to it. 
The appargitus was filled, after heating in the oven, by pour¬ 
ing the molten material into the funnel, whence it ran by 
feeding holes into the tube. Cooling began near the bottom 
so any cavities were filled up by liquid flowing downwards 
from the reservoir, which cooled last. In practice, two 
cylinders were cast separately, one containing a wire ii cm. 
long, and the other a wire 3 cm. long. These were then 
inserted into opposite arms of the measuring bridge, so 
as to eliminate end-effects. The thermal conductivity of 
the brass sheath was so great that the temperature gradient 
across its walls could be neglected. 

This apparatus is, of course, suitable for liquids in 
general, but, for ordinary purposes, simpler and better 
modifications of Goldschmidt's original apparatus have 
been described.® 

The Measuring Bridge. —The modified Wheatstone 
bridge shown in Fig. 2 was employed. The same current, 
supplied from accumulators in series with a rheostat, was 
used both for heating the platinum wire and for making the 
measurement of resistance. The ratio arms (A and B) were made equal, and the 
long and short platinum wires (C and D) were inserted in the other two arms of 
the bridge. The temperature gradient was measured directly by including in 
the same arm as the shorter embedded wire, a resistance thermometer (E) wound 
of thick platinum wire and immersed in the thermostat liquid. Its resistance 
was, as nearly as possible, equal to the difference in resistance between the two 
embedded wires. When current was passed, thus heating the thin embedded 
wires but not appreciably raising the temperature of the thick wire in the bath, 
the circuit was balanced with the aid of a calibrated rheostat (F), adjustable 
to 0*001 ohm, and a galvanometer (G) connected through a reversing switch. 
I^e current w^ measured with a calibrated ammeter (H) included in the bridge 
circuit, the resistance of the ammeter and also that of all lead-wires being per¬ 
manently balanced by a constant compensating resistance (N) in the opposite 
arm of the bridge. 



® Goldschmidt, Physik. Z., 1911, la, 417. 
* Hutchinson, loc. cit. 
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The accuracy of the method depends upon the sensitivity of the rheostat, 
and the precision with which the temperature is controlled in the thermostat 
bath. Fluctuations of more than 0*05® c. in the bath made it impossible to 
obtain a sharp balance point. An adjustable Sun-Vic thermoregulator was 
used in conjunction with a hot-wire vacuum switch. With careful setting the 
bath temperature could be controlled to o*o5®-o*oi® c., but more rigid control 
is desirable. Considerable difficulty was encountered over the variaWe contact 
resistance of the slider of the rheostat, and the circuit could be improved by 
inserting the rheostat (F) between (C) and (D), increasing its sensitivity by the 
use of a much longer and thicker slide wire and by connecting the slider to the 
galvanometer. 

It is, of course, desirable, especially in the neighbourhood of the melting 
point, that the whole sample should be as nearly as possible at the same tem¬ 
perature ; it is therefore preferable to obtain increased sensitivity by improving 
the measuring apparatus rather than by imposing large temperature gradients! 

If T is the temperature of the bath corresponding to a steady temperature 
T' at the centre of the cylinder, and RJ\ and 1?,® and R^ the resistances 



respectively of the embedded wire at o® c. and F' ®c., and of the immersed re¬ 
sistance thermometer at 0° c. and T° c., and a the temperature coefficient of 
resistance of pure platinum, it follows from definition that : 


whence, if 


V 


^3 


r' 


/?,« 


ai?,® 


and T ■ 


i?* 




R^IR, 


olR.^ 


A2- =r'-T=^ —— 

where Ai? = — i?,^, i.e. the reading of the sensitive rheostat. It will 

be noted that ai?*® is a constant, and that the second term of (i) disappears 
if i?i = i?, (when k — 1). In practice, it was not possible to solder the platinum 
wires with an accuracy of more than 0*5 mm., so that the second term of eqn. (i) 
remained as a correction, and it was necessary to measure directly the 

absolute resistance of the hot wire, a figure which was also required for the 
calculation of the input of heat. 

When steady conditions have been established, the thermal conductivity 
is given by the formula : « 


K = 


0-239 loge^^ 

2 nl. AT 


(2) 


where r* and r, are the respective radii of the platinum wire and of the specimen, 
and / the difference in length of the two embedded wires, and I the current. 

Measuring Procedure. —It was fbund that when the sample and its em¬ 
bedded wire were heated, the resistance of the wire increased but not exactly in 


* Carslaw, The Mathematical Theory of the Conduction of Heat in Solids 
(London, 1921), 114. 
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the manner to be expected. If, from the measured values of the resistance at in¬ 
creasing temperatures, the resistance of the wire was calculated for a hxed 
temperature (e.g. o® c.) by means of the temperature coefficient of resistance, a, 
values were obtained which were not quite constant. Though this deviation 
was very small, it was thought better not to rely on a single reading and a simple 
substitution in eqn. (2), a procedure which demands that the resistance of the 
embedded wire at 0° c. remain constant (quite small deviations lead to appreci¬ 
able errors in the calculated value of K), but to eliminate error in the following 
manner. 

Eqn. (i) and (2) were combined and written in the form : 


Afl /0-239 loge 

+ (*-*)■ • ■ • (3) 


Hence when readings were taken for different values of the current, a plot 

AR 

of —Yf against P gave a straight line, from the slope of which K could readily 

be calculated. Currents of 50-150 ma. were usually employed, corresponding 
to temperature gradients of i*5®-8*5® c. for a typical sample of liquid TNT and 
to gradients of about half these values for solid TNT. 

Values of K calculated in the fashion described were independent of slight 
fluctuations in and the extent of such small variations could be checked 


TABLE I. 


TNT (S.P. - 80-4“ c.). 

Palmitic Acid (M.P. 58“ c.). 

Temp. ®c. 


Temp. ®c. 


25 

0*9760 

18 

0-9789 

35 

0 * 975 ^ 

25 

0*9795 

45 

0-9757 

35 

0-9791 

55 

0*9754 

45 

0-9785 

65 

0*9745 

55 

0-9783 

75 

0-9724 

60 

0-9787 

no 

0*9737 

65 

0-9789 

90 

0-9750 

75 

0-9787 

80 

0-9757 

85 

0-9784 


by reading off the intercepts, / — /t, from the graphs. The extent of the variations 
over typical runs is shown in Table I. 

It is significant thajt the only measurable change in the value of k occurred 
near the melting point, where there is a large change in the volume of the sample. 
It is also noteworthy that the change in k was greater with TNT, which gives 
a dense casting with hard well-formed crystals, than with palmitic acid with 
its soft ill-defined crystals, which would tend to adhere to the wire less firmly. 
Indeed with palmitic acid, the trend of the results is hardly significant. 

The specially-purified ijlatinum employed for the experiment behaved very 
nearly as a perfectly elastic solid up to a linear extension of 0*23 %. Over a 
temperature range of 80® c., the linear expansion of the brass case, relative to 
that of the wire, was o*o8 %, i.e. well within the elastic limit of the platinum. 
The change in resistance that might be ascribed to alteration in geometrical 
dimensions was negligible. 

The expansion of the solid TNT over the range 2o°-8o® c. might be enough 
to deform the wire, but because of the confinement of the TNT to the case and 
the radial arrangement of the crystals, the main result of the expansion must 
have been, apart from local effects, an increased pressure on the wire. Owing 
to the temperature gradient across the sample, the wire at the centre was sheathed 
with a liquid cushion during the melting of the great bulk of the solid. Though 
the pressure was probably not relieved immediately melting started because 
of the blockage of the feeder holes by solid TNT, such a cushion would tend to 
transmit the pressure evenly to the wire. 

An estimate of the upper limit of the pressure in the cylinder may be made 
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from the pressure necessary to disrupt the cylinder; since the cylinder did not 
disrupt, and was probably not even stretched beyond the elastic limit, this 
figure obviously cannot have been reached. 

Difierent tyi)es of brass have tensile strengths varying between 22 and 50 
kg./mm.*. Using these values it may be calculated that the critical bursting 
pressure for the cylinders lay between 400 and 1000 atm. Consequently 
1000 atm. may be taken as an upper limit to the pressure and it is improbable 
that it at any time exceeded 500 atm., this being the pressure required to stretch 
the brass beyond an elastic limit of 25 kg./mm.*. 

Bridgman ’ found that the resistance of pure platinum decreased with increase 
in pressure, a pressure of 500 atm. corresponding approximately to a drop in 
resistance of o*i %. However, a drop in the value of k, representing an increase 
in the resistance of the embedded wires, was observed, so that it appears that 
the pressure at the centre was quickly released, or was not excessive. Bridgman 
also found that there was little variation of the pressure coefficient of resistance 
with temperature, and concludes that the temperature coefficient of resistance 
is nearly independent of pressure. 

The very slight rise in resistance may have been caused by local straining 
of the wire. The results in Table I arc recorded in the order of measurement, 
which took place at intervals of about i hr., and it will be seen that with TNT, 


0-02 


X yZSO 

/ 


Z 

/4 

Z' Thn ^roph has been 

/ — displaced bu 0-004 anp.^ 

/ ro the riyhr. 

■ 7 y ^ 

1 

1 r-Z 2 

1 1 , amp. 

0-01 0:01 


Fig. 3 . 

even after liquefaction and the complete release of pressure and local tension, 
total recovery of the wire was slow. 

This discussion has been given, because, although the experimental tech¬ 
nique eliminated errors arising from slight changes in k, it is clearly of importance 
to understand what happened to the embedded platinum wire during temperature 
change. 

When measuring the change of thermal conductivity with temperature, 
measurements on solids were always carried out during rise of temperature to 
avoid the possible splitting away of the sample from the wire that might occur 
during cooling and contraction. Measurements on liquids could clearly be 
carried out during either rise or fall of temperature. The apparatus came to 
equilibrium within a few minutes after the setting of the bath temperature, 
and measurements with different currents were made at 5 min. intervals, 20 
min. being allowed between changes in the temperature of the bath. Thermo¬ 
electric effects were avoided by eliminating, as far as possible, bimetallic junctions, 
and their effect was nullified by reversing the connections when balancing the 
circuit, and averaging the two settings of the sensitive rheostat. Th* curves 
Fig, 3 obtained for TNT at different temperatures by the procedure described, 
show how accurately eqn. (3) is obeyed. It should, however, be mentioned that 
for currents below 25-50 ma. the straight line relationship appeared to hold 
no longer and that very erratic results were obtained. It was thought that 
this effect was caused by imperfections m the measuring apparatus. 

Calibration of Apparatus.—It was possible, by measuring the dimensions 
of the test pieces and platinum wires with a travelling microscope, to calculate 

* Bridgman, The Physics of High Pressure (London, 193268. 




726 THERMAL CONDUCTIVITY OF ORGANIC .MATERIALS 

absolute values for the thermal conductivity. Absolute measurements of TNT 
cylinders immersed directly in a water-bath, and determinations on castings 
encased in our apparatus with the brass sheaths, as described above, were 
sufficiently close in view of the differing structures of the polycrystalline blocks. 

It was found, however, when the thermal conductivities of a series of liquids 
was measured in our apparatus, that, although the relative values agreed suffici¬ 
ently well with the results of previous workers, the absolute values were some¬ 
what high ; the results which follow were calculated on the basis of Bates’ 
figure of 3‘io x io“^ cal./sec. cm. ®c. for chloroform at 20° c.* 

Distilled water and carefully dried B.D.H. Analar materials were used. In 
view of the difficulty of measuring the thermal conductivities of liquids and of 
the uncertainty of published results, it is considered that agreement was suf¬ 
ficiently good to justify the use of the instrument for determining changes with 
temperature in the conductivity of the same sample, though the apparatus, in 
its present form, is not suited to exact determination of the absolute conductivities 
of different liquids. Chloroform was used as standard as it was the liquid 
studied most in our apparatus, and gave most reproducible results. 

That the curves of — /* (Fig. 3) were straight lines is a demonstration 

that the method is fundamentally sound, for, if convection currents bad been 
set up, eqn. (3) would no longer have held, and the plots would have been curvi¬ 
linear (as actually happened when large temperature gradients were deliberately 


TABLE II. — K IN CAL./sec. cm. ®c. ; Temp., 20° c. 


Material. 

K Observed 

X IO~*. 

K Literature. 

X I0~*. 

Chloroform .... 

3*10 

3*10 Bate.s 

Cs^rbon disulphide 

3*77 

3-85 LC.T. 

Ether ...... 

3*23 

3*30 »» 

Ethyl alcohol .... 

3*8i 

4*35 

Ethyl iodide .... 

2*37 

2*b5 .. 

Water ..... 

T3*I 



imposed). The calibration constant obtained from j:he measurements on chloro¬ 
form was applied in calculating the results that follow. 

Results. 

The variation with temperature of the thermal conductivity of TNT is shown 
in Fig. 4. The TNT was of the quality known as Grade I, of setting-point 
8o’4® c., and consisting almost entirely of 2 : 4 : 6-trinitro-toluene. 

Owing to the decision to use at least 5 different heating currents for each 
determination, the experiments were long drawn-out and it was impossible to 
obtain all the data during one run, so that the results of Fig. 4 were drawn from 
several experiments, as shown by the circles, triangles, etc. It has already been 
explained that the measurements on solid samples were always carried out during 
rise of temperature. The use of different currents was also a safeguard a 
the occurrence of convection, as revealed by curvature of the AJ?/i?i^ 
plots. For solid TNT, the numerical results of different determinations varied 
by some 15 %, as was not surprising in view of variations in crystal structure 
of successive castings. 

The striking feature of all the curves for solid TNT was the sharp drop in 
thermal conductivity near the melting point. It is not known just how low 
the conductivity fell, because the readings were taken discontinuously at 
arbitrary temperatures, but values were obtained below those subsequently 
recorded for liquid TNT. The temperatures plotted as abscissae are those of 
the thermostat bath, as measured to the nearest 1/10° with a mercury-in-glass 
therinometer calibrated at the N.P.L.; the temperatures at the centre of the 
cylinders were from i°-4® c. higher, depending upon the heating current, and 
fell away exponentially towards the perimeter. In view of the large expansion 
of TNT during heating and of the resulting increased pressure inside the cylinders, 
the melting point may have been raised. It is, however, clear that the drop 

* Bates, Ind. Ettg, Chem., 1941, 33, 375. 
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occurred substantially at the melting point itself. Owing to the temperature 
gradient across the cylinders and to the slowness with which a mass of solid 
melts when heated only slightly above its melting point, it is probable that the 
condition of the sample at bath temperatures just below the nielting-point 
was that of a liquid surrounded by a solid annulus. Even if the liquid sheath 
were very thin, such a sample would behave more like a liquid than a solid, 
because the fall in temperature across the samples takes place very largely in the 
region nearest the heating wire. 

Measurements carried out during the cooling of liquid TNT revealed little 
variation of thermal conductivity with temperature in the region more than 
5° c. bath temperature above the melting point; below this temperature there 
was evidence of a downward trend in thermal conductivity, but it did not prove 
possible to establish any sudden drop at the melting point, possibly because 
the TNT at the outside began to solidify before the material round the wire, 
in which practically the entire temperature drop occurs, was sufficiently near 
the melting point. (Once solidification was observed, the experiment was dis¬ 
continued because of the possibility of entrapping air bubbles in the sample 
during the marked contraction associated with solidification, which would 
vitiate any results obtained then.) It should be added that the incipient fall 
in conductivity shown in the figure depended to a marked extent on the previous 



Fig. 4. 

history of the sample and was probably related to the number of crystal nuclei 
present in the liquid. Experiments on pure specimens of a-nitro-naphthalene 
and vanillin gave very similar results. 

Experiments were also carried out on a sample of palmitic acid. B.D.H. 
material was used and not specially purified ; it did not melt sharply, but became 
“ mushy " at about 55° c. In this case a maximum in thermal conductivity 
was obtained near the melting point. Further experiments on a purified sample 
are required in this case ; the present result is quoted to show that the results 
obtained with the other materials were not .simply conditioned by the apparatus 
and method of measurement. 


Discussion. 

The occurrence of abnormally low values of thermal conductivity 
near the melting point of cast samples of TNT prompts the question as 
to whether the effect was a gross one, conditioned perhaps by co^^vection 
currents within the partially melted block or by cracks in a solid annulus, 
or whether it was conditional upon changes in the lattice or in the internal 
state of the molecules. Convection was unlikely, both because straight 
lines were obtained for the plot of AR/Ri"^' — P and because convection 
currents should help to dissipate heat and therefore to increase the ap¬ 
parent conductivity. A more probable explanation is that the pressure 
set up by the expansion of the melting TNT fractured the crystalline part 
of the block, thus multiplying areas of temperature discontinuity. Neither 
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of these explanations is altogether convincing; moiwve^ it remwns 
to account for the incipient fall in conductivity observable after complete 
liquefaction and subsequent cooling to a temperature a/me the set point 
In the case of palmitic acid, which melted indefinitely, it is possible tn.at 
fragments of solid material dropped through the liquid, setting up 
currents and thus accounting for the apparent maximum in thermal 


conductivity. 

The persistence of some form of solid structure into the liquid state 
has been widely discussed, among others by Stewart,® Frenkel,^® and 
Malkin,who have brought forward interesting X-ray and thermal 
evidence. The downward turn of the thermal conductivity-temperature 
curve at temperatures just above the melting point would seem to provide 
new evidence for a structure in that region markedly different from that 
of the liquid at higher temperatures. 

It is possible that the decrease in conductivity observed both just 
below and just above the melting point is due to the material behaving 
neither as a true solid nor as a true liquid in the respective cases, but that 
in one case premelting and in the other case presetting might be occurring 
locally at numerous points giving rise to a mosaic-like structure with 
very frequent interfaces separating regions differing in local degrees of 
order. The presence of such interfaces and consequent discontinuities 
might well be a contributing factor to the decrease in thermal conductivity 
observed here. 

Ubbelohde has shown that paraffins and various other long-chain 
compounds, even when very highly purified, are subject to a sharp rise 
in specific heat before the melting point is reached and that the enhanced 
specific heat most probably persists for some degrees above the melting 
point. The general relation between thermal conductivity and specific 
heat is that 


K = cpXii .(5) 


where c is the specific heat, p the density, and A and p. are the wavelength 
and mean free path of the elastic heat waves. It is tempting to compare 
the maximum in the thermal conductivity curv<; for palmitic acid with 
Ubbelohde’s specific heat data, but such correlation is not straight¬ 
forward, and must, in any case, await conductivity data for purer material. 

It is realised that the data put forward are incomplete, but, as the 
apparatus has been dismantled for the present, it seemed appropriate 
to publish an account of the work which had been carried out. Further 
experiments, preferably with more than one type of apparatus, are re¬ 
quired to establish finally that the thermal conductivity-temperature 
plot cannot be represented by a step-shaped curve and that the minimum 
suggested by the present experiments is generally characteristic. 


We are grateful to Miss Mary L. Woods for carrying out much of the 
experimental work during the latter stages of the research, to Mr. E. 
Hutchinson for advice as to apparatus, and to Prof. R. Peierls for valuable 
consultation. Thanks are also due to Messrs. Imperial Chemical Industries 
for the award to one of us (J. H. R.) of a Research Fellowship at the 
University of Birmingham, which made possible the continuance of the 
experiments. 

The work, which formed part of a programme of fundamental research 
sponsored by the Ministry of Supply at the Universities of Sheffield and 
of Birmingham, was completed in July 1946 ; approval for publication 
has been granted by the Director General of Scientific Research (Defence), 
Ministry of Supply. 

• Stewart, Rev. Mod. Physics, 1930, 2, 116. 

Frenkel, Trans. Faraday Soc., 1937, 33 » 5 ^* 

Malkin, J. Chem. Soc., 1939, 1141 ; 1939, 103; 1937, 1409; 1628 ; 

1934. 
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Summary. 

An apparatus has been constructed for the measurement of thermal con¬ 
ductivity near the melting point of organic solids, and has been calibrated with 
liquids for which data are already available. Repeated measurements have 
revealed an abrupt discontinuity in the thermal conductivity of TNT at the 
melting point and suggest that a minimum in conductivity exists under the 
conditions of experiment. The interpretation of these results is briefly discussed. 
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STUDIES ON HEMIACETAL FORMATION. 

PART I.—THE SYSTEM ACETALDEHYDE- 
WATER. 

By I. Lauder. 

Received i(>th December, 1946, as revised 21st October, 1947. 

The physico-chemical properties of acetaldehyde-water mixtures have 
been the subject of several investigations.^ The deviation of the measured 
property from the value given by the ordinary mixture law has usually 
been taken as an indication of the formation of hydrates or ethylidene 
glycol. Although this latter compound has never been isolated, its 
existence in aqueous solution has been fairly definitely established by 
the investigation of the interchange of oxygen between acetaldehyde 
and water.® This interchange reaction was found to have a half-life 
period of approximately 2 hr. at room temperature and so it appeared 
that it should be possible to measure a time-variation of the physical 
properties of the reaction mixture corresponding to the establishment 
of the equilibrium, 

/OH 

CHjCHO -f H ,0 CH, - CH< . . . (i) 

\OH 

No previous investigation has shown any such variation. Perkin,® 
however, found that heat was evolved for 2-3 hr. after mixing the re¬ 
agents but did not study the reaction quantitatively. 

Ethylidene glycol ma}" be regarded as the first member of the homo¬ 
logous series of hemiacetals derived from acetaldehyde and, in an earlier 
paper, * it was predicted that, under similar conditions, the rate of formation 
of a hemiacetal should run roughly parallel to the rate of the corresponding 
oxygen exchange reaction. 

The work described in this paper, on the change of refractive index 
(and of volume) with time for acetaldehyde-water mixtures and for 
acetaldehyde-methyl alcohol mixtures respectively, begun to find 
out how far the above predictions would hold true.* 

• 

1 Ramsay and Young, Phil. Trans., 1886, 174, (i), 117; Homfray, J. Chem. 
Soc., 1905, 87, 1435; Schou, Compt. rend., 1926, 182, 965. 

* Herbert and Lauder, Trans. Faraday Soc., 1938, 34, 432. 

* Perkin, Trans. Chem. Soc,, 1887, 51, 813. 

^ Herbert and Lauder, Trans. Faraday Soc., 1938, 34, 1219. 

* The experimental work was carried out at the University of Manchester 
during the session 1938-39 and was interrupted by the outbreak of war. Although 
the work was not completed, the results are presented for publication to avoid 
their loss. 
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Experimental. 

Acetaldehyde. —Commercial acetaldehyde was fractionated and the middle 
fraction, boiling at 21® c. (76 cm. Hg), was collected. This material was out- 
gassed and, before use, it was si^jected to two further fractionations in vacuo 
from room temperature to 0° c. 

Water. —Distilled water of high purity, free from air, was used. 

The Change of Refractive Index with Time.—The Pyrex glass reaction 
vessel in which the mixing of the acetaldehyde and the water took place, is shown 



• Fig. I. 

on the right of Fig. i. The approximate amounts of reagents required for any 
desired mixture were distilled in vacuo into the storage vessels Sj and Sj re¬ 
spectively. The bulb of the reaction vessel was cooled to ~ 80° c. and the 

Results. 

TABLE I.— Temperature 0° c. 


Mol. Fraction 
Aldehyde. 

R.I. Initial. 

R.I. Final. 

Half-life 
Period (Min.). 

0*00 

1*33440 

_ 

_ 

0*115 

1*35700 

1*36087 

20 

0*322 

1*37268 

1-38327 

58 

0*392 

1*36796 

1-38637 

40 

0*455 

1*36536 

1-38674 

40 

0*55 

1*35977 

1-37637 

60 

0*63 1 

1*35721 

1-37583 

66 

0*72 

1*35113 

1-35744 

43 

0*826 

1*34626 

1-35015 

32 

0*833 

1*34540 

1*34868 

40 

1*0 

1*33673 


— 


water was distilled over. The ice was warmed to — 5® c. and the acetaldehyde 
was distilled over as rapidly as possible. The vapour left in the dead-space 
of the apparatus was condensed back into the storage vessel by use of liquid 
air. The decrease in weights of the two storage vessels gave the actual amounts 






1 . LAUDER 


731 

of reagents present in the reaction mixture. The reaction vessel was removed 
from the system and it was then shaken in an ice-bath. The zero time was 
taken as that at which all the ice had disappeared from the mixture. Hydrogen 
was passed into the reaction vessel through tap Tj to a pressure slightly above 
atmospheric. This served to displace any solution in the capillary tube and, 
subsequently, it served to blow the solution from the reaction vessel into the 
refractometer cell. 

The refractive index (R.I) was measured with respect to the sodium D-line by 
use of a Pulfrich refractometer. Most measurements were made at 0° c. ; a few 
were made at 13*5° c. Each measurement was made on a fresh sample from 
the reaction vessel and, after the sampling process, the liquid remaining in the 
delivery tube was displaced by H,. 


TABLE II. —^Temperature 13*5° c. 


Mol. Fraction 
Aldehyde. 

R.I. Initial. 

R.I. Final. 

Half-life 
Period (Min.). 

0-435 

1-35481 

1*36761 

112 

0*622 

1 

1-351^3 

1*36243 

120 


The Change of Volume with Time. —^The apparatus used for this investiga¬ 
tion is shown in Fig. 2. The dilatometer was cooled to 0° c., and the reaction mixture 



Fig. 2. 


was prepared in the tube A by the same^rocedure as is described in the previous 
section. The portion A-B-C of the apparatus was shaken in an ice bath for 
a few min. and then the reaction mixture was tipped into the tube C. With 
tap T, open, the mixture was forced into the vacuous dilatometer by opening 
tap Tj to the atmosphere. The capillary was cut at D and the distance between 
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the meniscus and a fixed mark on the tube was determined from time to time. 
The end of the capillary was blocked to prevent loss by evaporation. 

The results obtained by the use of the refractometer are shown in Tables 1 
and II; those by the use of the dilatometer in Table III. Good end-points for 
the refractometer readings were obtained over the whole range of composition. 
This, however, was not the case for the dilatometer readings ; the final values 

Results. 

TABLE III.— ^Temperature o° c. 


. Mol. Fraction 
Aldehyde. 

% Volume 
Contraction. 

Half-life Period 
(Min.). 

o*o6 

I-I 

9 

0*11 

— 

II 

0-256 

5*5 

26 

0-329 

— 

44 

0-331 

7-2 

40 

0-488 

8*2 

44 

0*53 

— 

13 

0-60 

— 

4 

0-605 

8-8 

70 

0-642 

— 

70 


were usually good up to about o*6 mol. fraction of aldehyde but, at higher con¬ 
centrations, the volume gradually decreased over a period of days suggesting 
that polymerisation of the aldehyde was occurring. In a few cases, the % 
volume-contractions were measured and these are given in column 2 of Table III. 

From a kinetic point of view, the results indicate that a reversible reaction, 
first-order in each direction, occurs on mixing the reagents. The plot of 



Fig. 3. 

log — x) against time is a straight line. (AT, stands for the final value 
and X for the value of any time t.) Typical graphs for (X, ~ x) and logio {X, — x) 
against time are shown in Fig. 3 and 4 respectively. Graphs of the initial and 
final refractive indices against mol fraction are shown in Fig. 5. 

The reaction which occurs cannot follow the stoichiometric equation (i) 
because this is second-order in the forward direction. In the absence of more 
definite information it is suggested that some type of loose complex or hydrate. 
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such as C1H4O . HjO, is formed almost instantaneously when acetaldehyde 
and water are mixed, and that the equilibrium, 

CH.CHO + H,0 ^ CH,CHO . H,0 . . . (2) 

lies well over to the right. The change which is measured would then be due 
to the establishment of the equilibrium, 

yOH 

CH 3 CHO. H,0 ^ CH.dH . . . . (3) 

\oH 

If reaction (3) proceeded to completion when equivalent quantities of acetal¬ 
dehyde and water were mixed, it is probable that the “ final " refractive index 




would be near that for ethylene glycol, namely, 1*438. The fact that for the 
above mixture a change from 1*363 to 1*385 (at 0° c.) was observed, suggests 
that only a small proportion of glycol was present at equilibrium. 

For a first-order equilibrium reaction the time of half-life should be a constant 

TABLE IV. 


Time 

(Hr.). 

% Equilibrium 

R.I. 

% Equilibrium 
Exchange. 

3 

74 ■ 

75 

6 

94 

84 

24 

' 100 

95 


(4 = 0*693/^1 -t- ^-i)- Possibly more consistent results would have been ob¬ 
tained if the reaction mixtures had been buffered. From this aspect, it is worth 
mentioning, perhaps, that Cohn and Urey » found that for the exchanges! oxygen 
between acetone and water, reproducible results could only be obtained in 
buffered solutions. 

It is of interest to compare the refractive-index results with the oxygen- 
exchange results. The exchange was found to have a half-life period of 2 hr. 
at room temperature ; almost the saine value was found for the change of re¬ 
fractive index at 13*5® c. Figures for the approach to equilibrium are given 
in Table IV. 


• Cohn and Urey, /. Amer. Chem. Soc., 1938, 60, 679. 
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The values in column 2 were obtained from the curve shown in Fig. 3 ; those 
in column 3 from the earlier paper.* The agreement is fairly good considering 
that for each exchange result a fresh reaction mixture bad to be prepared. 

Summary. 

The reaction between acetaldehyde and water has been studied by use of a 
refractometer and a dilatometer. The results indicate that a reversible reaction, 
first-order in each direction, occurs on mixing the reagents. It is suggested that 
immediately on mixing the reagents a complex C,H40 . H|0 is formed which 
subsequently changes over to ethylidene glycol. 

It was found that the rate of change of refractive index runs roughly parallel 
to the rate of interchange of oxygen between acetaldehyde and water. 


PART II.—THE SYSTEM ACETALDEHYDE- 
METHYL ALCOHOL. 

Little information on the physico-chemical properties of the system 
acetaldehyde-methyl alcohol could be found in the literature. Herold 
and Wolf ® measured the rate of hemiacetal formation in several aldehyde- 
alcohol systems by ultra-violet absorption experiments, but, in the case 
of the present system, it was concluded the reaction proceeded too rapidly 
for exact measurement. 


Experimental. 

Methyl alcohol (a.r.) was fractionated in the presence of Ca turnings and 
the middle fraction, b.p. 64*6® c. (76 cm. Hg) was collected. This was outgassed 
and, before use, it was subjected to two further distillations in vacuo from room 
temperature to 0° c. The mixtures were made up and the change of refractive 
index with time was measured, at o® c., as is described in the previous section. 


Results. 

The results arc shown in Table I. Graphs of the initial and final refractive 
indices against mol. fraction arc shown in Fig. 6. As for the acetaldehyde-water 

TABLE I. 


Mol. Fractson 
Aldehyde. 

R.I. Initial. 

R.I. Final. 

HalMife Period 
(Min.). 

0*00 

1*33174 

_ 


o*i6 

1-33787 

1*35266 

90 

0-25 

1*34140 

1*36229 

156 

0-34 

1-34213 

1*37375 

186 

0*46 

1*34376 

1*38178 

460 

0*62 

1*34179 

1*37435 

110 

o*8i 

1*34039 

1*35661 

75 

1*00 

1*33673 




system, it was found that a reversible reaction, first-order in each direction, 
occurred on mixing the reagents and, therefore, the same t)rpe of process may 
be postulated—^the establishment of equilibrium between an alcoholate and the 
hemiacetal, 

.OCH, 

CH.CHO . CH,OH ^ CH,—CH 

\0H 

• Herold and Wolf, Z, physik. Chem. B, 1931, la, 165. 
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If the above reaction proceeded to completion vrhen equivalent quantities 
of the reagents were mixed it is probable that the ** final ** refractive index 
would be near that for 2-methoxy- 
ethanol, namely, 1*404. For the 
above mixture ian initial value of 
1*344 ^ value of 1*383 re¬ 

spectively was found. These figures 
suggest that a fair proportion of 
hemiacetal was present at equilibrium 
—greater than in the corresponding 
case for the acetaldehyde-water 
system. 

In conclusion the author wishes 
to thank Prof. M. Polanyi and 
Mr. J. B. M. Herbert for much 
helpful advice and criticism and 
Mr. A. S. Wilson for his help with 
the experimental work. 

Summary. 

The reaction between acetaldehyde 
and methyl alcohol has been investi- 
gated by use of a refractometer. 

The results indicate that a reversible 
reaction, first-order in each direction, 
occurs on mixing the reagents. It is suggested that an equilibrium is set up 
between an alcoholate and the hemiacetal. 

Department of Chemistry, 

University of Queensland, 

Brisbane. 


THE NATURE OF METAL-AMMONIA SOLU- 
TIONS. PART II. 

By a. J. Birch and D. K. C. MacDonald. 

Received ^th November, 1947. 

Re-awakened interest in the problem of the constitution of metal- 
ammonia solutions, due to the claim by Ogg ^ to have demonstrated 
super-conductivity in solidified sodium-ammonia solutions over the range 
— 95° c. to —183° c., has led us to make a more detailed examination 
of other metals. The outstanding properties of such solutions are : that 
the alkali and alkaline earth metals dissolve in liquid ammonia without 
reacting with it; that these solutions may show separation into two 
immiscible liquid phases ; and that some of the metals form solid am- 
moniates which are definite crystalline substances with a dissociation 
pressure depending on the temperature. Of the metals, sodium is the 
only one hitherto examined in any detail and we report here an examin¬ 
ation of other metals of these groups, undertaken in the hope of attaining 
a further understanding of their nature by correlation of the difierent 
metals. 

The ability to dissolve in ammonia is confined to the metals of groups 
I and II excepting only beryllium, which does not dissolve at all, and mag¬ 
nesium which is said to be slightly soluble.* These are all metals of low 

1 Ogg, Physic. Rev., 1946, 69, 243 ; 1946, 69, 544 ; 1946, 70, 93. 

• Johnson and Meyer, Chem. Rev., 1931, 8, 295. 
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work function, and since the solutions are highly conducting and metallic 
in character—^the concentrated ones have a characteristic metallic lustre 
—it seems likely that solution is brought about by the ready formation 
of metal cations and electrons, both of which are solvated by the ammonia. 
The deep blue colour by transmitted light of the solutions is almost 
certainly due to solvated electrons * formed through the ability of the hy¬ 
drogen atoms to act as electron acceptors (compare their role in the associ¬ 
ation of water or ammonia). Solvation of the cations would appear to 
depend on the donor properties of the unshared electrons of nitrogen. 

Other substances capable of dissolving the metals (e.g. methylamine, 
ethylenediamine) are all amines, and their solvent power runs roughly 
parallel to their NH^-content. The fact that such solvents do not react 
with the metals is due to their low acidity. It is probable that substances 
containing OH groups would similarly act as solvents but for their high 
acidity, and it is noteworthy that reaction of potassium with the com¬ 
paratively inert tert.-hxxtyl alcohol is accompanied by the formation of a 
deep indigo-blue surface-film. 

On freezing the metal-ammonia solutions, eutectics are formed. With 
sodium and potassium, these undoubtedly contain mixtures of ammonia 



Fig. I.—Liquid-solid phase curves. 

Q—O Ca A-A Sr □-□ Ba 


crystals and silvery metal crystals, but in other cases—calcium, strontium, 
barium and lithium—the solvation is carried over into the solid state 
with the production of ammoniates mixed with solid ammonia. In the 
case of caesium, on which only a few experiments could be performed 
owing to scarcity of material, the deep bronze colour of the solid eutectic 
would appear to indicate the formation of an ammoniate.*' 

These ammoniates are metallic (either brass, or bronze-like) solids of 
high electrical conductivity. Their non-formation with sodium and potas¬ 
sium is presumably due to the inability to form a suitable lattice. With 
the alkaline earth metals the hexammoniates are known to be fairly stable 
even at room temperature ; it has been denied that lithium forms an 
ammoniate at all,* but our work shows that it probably does so, at least 
at the eutectic temperature (—185° c.). If so, the ammoniate must 
contain four, or less, ammonia molecules for each lithium atom. The 
metal ammoniates in thin layers, by transmitted light, show the blue 
colour of the solutions. 

Reasonably accurate phase curves for the region below the melting- 
point of ammonia ( — 78° c.) have been constructed (Fig. i and 2) for all 
the metals except examined caesium due to small amount available, and 

® Gibson and Argo, J. Amer. Chem, 5 oc., 1918, 40, 1327. 

* Kraus and Johnson, ibid., 1925, 47, 725. 
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sodium, which has already been estimated, although with no great accuracy, 
by Ruff and Zedner.* It can be concluded from th^se that liquid-liquid 
phase separation above about — 78^0. is exhibited by all except lithium, 
although a slight doubt exists in the case of potassium. Thermal measure¬ 
ments, confirmed by conductivity measurements, also showed the existence 
of specific heat anomalies in the solidified solutions of the alkaline earth 
metals. These anomalies did not 


appear in magnetic susceptibility, . , . 

or dielectric constant measure- {Temp, C) 
ments. ‘ -60 

Previous work on sodium- 
ammonia solutions has been 1^-— 

published • and a preliminary _ ^^’**^**^_ _ 

report of the present work has \ 

appeared elsewhere.’ ♦ 1 

Experimental. I *• 

The metals used were the | : 

purest commercial samples avail- . 4 - 1 - 

able. Owing to the possibility of * • 

the anomaly in the alkaline earth j 

warming-curves being due to im- CMU/tM’on (motes Z)\ 

purity, barium and strontium from S to 1 

two sources were used, the purity in ■ ' 

one case being quoted as at least Fig. 2. —Phase curves. 

99 %. The solutions were inade potassium G-G Lithium A--A 

up, as a rule, in the vessel in which w w 4 _i la 

measurements were to be taken, the 

ammonia being stirred and kept below its boiling-point by appropriate cooling. 
The solution of the alkali metals takes place readily with little heat evolution ; 
the alkaline earth metals produce considerable heat and tend to form solid lumps 
of ammoniate. 


Potassium 0 ~ 


Cortcentration (motes 

to 1 

2.—Phase curves. 

—O Lithium A-A 


Thermal Measurements. —G^pper-constantan thermocouples were used, 
the cold junction generally being immersed in liquid oxygen ; the leads up to 
the actual junction were enclosed in glass. For most measurements a galvano¬ 
meter, providing an average reading accuracy '^0-3® c., was employed; for 
particularly sensitive measurements (such as those directed towards investiga¬ 
tion of the solid-state anomalies with the alkaline earth metals), this accuracy 
was increased by a factor greater than 10, and a limited range of temperature 
was covered by immersing the cold junction in subliming carbon dioxide. For 
slow heating or cooling rates (about 2®/min.) the solution was made up in a small 
Dewar flask, which could be evacuated or filled with a small pressure of exchange 
gas at will. A heating coil of constantan wire enclosed in a glass capillary spiral 
was used to provide a controlled heat influx when necessary. 

Electrical Conductivity. —In some preliminary measurements the glass 
T-piece described in Part 1 was used, but for later work a glass tube with current 
and potential electrodes of platinum and an inner close-fitting tube was em¬ 
ployed (Fig. 9). The top was loosely plugged with cotton-wool or with a divided 
cork. The inner tube contained a small quantity of mercury to provide for 
good thermal contact with the thermocouple junction which was immersed in 
it. The whole could be immersed in the Dewar vessel described above in order 


to provide any desired heating or cooling rate. Measurements were mostly 
carried out with direct current, but in order to eliminate the possibility of 
polarisation effects, these were also checked with 50 c./sec. alternating current 
using a vibration galvanometer. 

Ma^etlc Susceptibility. —The method used was identical witti that 
described in Part I. Smaller quantities of solution had to be used owing to the 
smaller amounts of the alkaline earth metals available ; the accuracy obtainable 


• Ruff and Zedner, Ber., 1908, 41, 1948. 

• Birch and MacDonald, Trans, Faradt^y Soc., 1947, 43, 792. 

’ Birch and MacDonald, Nature, 1947, * 5 ?» 81 1 * 

• Our paper “ Some Physical Properties of Solidified Sodium-Ammonia 
Solutions (Trans. Faraday Soc., i947» 43 » 79^) is to be regarded as Part 1 . 
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measurements by a method similar to that used by Kraus • for sodium 
solutions showed for a concentration of 5*9 mol. % a marked resistance 
change in the expected direction on warming or cooling through — 74® c., 
but nowhere else up to the boiling-point of ammonia. It may be noted 
that no such change could be observed with lithium. A slight increase 
in the slope of the warming curves is also observable about this tem¬ 
perature. We therefore venture to propose the separation curve shown 
for potassium in Fig. 2. This curve, and much more markedly the ones 
for Ca, Sr and Ba must have a discontinuity of slope at the liquidus-solidus 
junction since otherwise the upper consolute point (above the boiling-point 
of ammonia for the alkaline earth metals) cannot easily be accommodated 
on the curve. That such a discontinuity is to be expected can be seen 
from the following considerations. Above the freezing-point of ammonia 
the concentrated phase must have the same vapour pressure as the dilute 
phase, and since the freezing-point of the solutions differs but slightly 
from that of ammonia the vapour pressure at this temperature must be 
almost identical with that of pure ammonia. If solidification did not 
occur the curve would proceed smoothly, but since solid ammonia neces¬ 
sarily has a considerably lower vapour pressure than (supercooled) liquid 
ammonia at the same temperature, in its presence the metal solution must 



Concentration. 
Fig. 7. 


have a higher concentration to depress its vapour pressure to this lower 
value. The curve is therefore bent towards higher concentrations at the 
point where freezing occurs. A discontinuity of slope of this type is 
not immediately evident in the curve for sodium,® but the curve is in 
any case practically vertical in this region, and only a small alteration in 
slope would suffice to provide the necessary vapour-pressure modification. 

Hildebrand's theory of partial miscibility • illustrates the type of 
anomalous vapour-pressure phenomena which must lead to the formation 
of two liquid phases (Fig. 5). In the case of metal-ammonia solutions 
the deviations from Raoult's law must clearly arise from two sources. 
The first (positive) departure with increasing concentration (neglecting 
very dilute solutions) arises presumably from association of the solute. 
For strong solutions the deviation becomes rapidly negative, presumably 
indicating strong association of the solvent and solute molecules reaching 
its limit in the formation of lattice compounds in suitable cases.* This 
behaviour is shown in the work of Kraus on the apparent molecular 
weight of sodium in ammonia at the boiling-point (—33° c.), although 
the slope of the vapour-pressure curve is nowhere horizontal as it would 
be if phase separation occurred at this temperature. In fact, it occurs 

• Kmus and Lucasse, J. Amer. Chem. Soc., 1922, 44, 1949. 

• Hildebrand, Solubility (Reinhold Publ. Corp., 1936). 

• Note added in proof^: For more detailed considerations leading to a modified 
viewpoint, see Birch and MacDonald, Oxford Science, 1948, p. i. 

Franklin and Kraus, Amer, Chem, J,i 1898, ao» 850. 
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only below —42® c. Kraus has stated that the vapour-pressure devi¬ 
ations arise as a result of phase separation, and not as the result of aggrega¬ 
tion of the solute. It seems clear, however, that the phase separation is 
to be regarded as a direct consequence of the aggregation vapour-pressure 
phenomenon. Bowden has pointed out that the shape of the vapour- 
pressure curves is reminiscent of van der Waals* p—v curves when phase 
separation takes place. We find, in fact, that a semi-quantitative ap¬ 
proximation for the phase separation curve may be derived by direct 
use of the van der Waals* modification of Boyle's law in van't Hoff's law 
of osmotic pressure. The requisite constants would be most appropriately 
derived from data at the upper consolute point, but since these have not 
been determined, we have used data from the eutectic point (—110® c.) 
in the case of sodium. The concentration is known, and the assumption 
was made that the vapour-pressure curve there is practically vertical. 
The resulting theoretical curve of vapour pressure for the temperature 
of the freezing-point of ammonia (—78° c.) gives concentrations of the 
right order for the two phases. 

A new phenomenon was revealed in the warming curves for the alkaline 
earth metals (see Fig. 3). A point of arrest was clearly visible in the 



Fig. 8. —Strontium-ammonia anomaly point. Fig. 9. —Apparatus for measuring 

Temperature intervals are accurate, but electrical resistivity, 

absolute values may be in error by pp Potential electrodes. 


about I® c. Current electrodes. 

-warming, .cooling. TT Thermocouple leads. 


case of Sr ( — 98° c.) and Ba (—109® c.) and a careful examination indicated 
the probability of a similar effect just below the eutectic temperature 
( — 89® c.) for calcium. Clear confirmation for the anomalies were found 
for Sr and Ba in measurements of the variation of electrical conduc¬ 
tivity with temperature of concentrations of 3*9 mol. % for Sr (Fig. 7) 
and 4*0 mol. % for Ba. It must be remarked, however, that no sign of 
an anomaly in electrical resistivity was found with a solution of Sr at 
the concentration 2-5 mol. % (Fig. 7). No anomaly could be found in 
a measurement of magnetic susceptibility. In view of recent interest 
in the ferro-electric properties of BaTiOs and SrTiO#, a qualitative exam¬ 
ination of the variation of dielectric constant was also made, 'but there 
was no noticeable anomaly. 

Two possible explanations of the anomalies suggest themselves to us. 
There may be some type of order-disorder transformation within the 
lattice, or alternatively a solid-solid phase transformation between 
different crystalline forms or compounds. Neither the presence of a 

Bowden, The Phase Rule and Phase Reactions (Macmillan, London, 1945), 
132. 
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latent heat nor hysteresis rules out the first hypothesis.^* Careful ex¬ 
amination with a sensitive thermocouple has shown the presence of both 
(Fig. 8). On the other hand, the onset of the rapid increase of electrical 
resistance somewhat before the transformation temperature (Fig. .7), 
does not militate against the second explanation since, for example, 
similar changes accompanied by a fading-out of the X-ray pattern have 
been observed with the alkali metals before the melting-point, which is 
itself quite sharp.This indicates a preliminary loosening of the lattice. 
The anomaly was not visible in the curves for solid Ca, Sr or Ba hexam- 
moniate, so the most likely chemical explanation of the anomaly—by 
analogy with salt hydrates—is the conversion from a higher to a lower 
ammoniate, the transition point marking the intersection of their vapour- 
pressure curves. Physical methods such as X-ray crystallography or 
absorption spectra might shed further light on the problem. 

Conclusion.—The ultimate constitution of metal-ammonia solutions 
has not yet been resolved, but the foregoing investigation should assist 
in furthering an understanding of the phenomena encountered. Some 
remaining problems of interest comprise the examination of ternary 
solutions, the determination of phase curves for caesium and rubidium, 
completion of a systematic examination of the temperature and con¬ 
centration variation of electrical conductivity, the relation of atomic 
species to the phase curves—for example, why the eutectic temperatures 
of the alkaline earth metals, unlike those of the alkali metals, lie so close 
together, and an examination of heats of solution at varying concentration. 

This work was carried out during the tenure of an I.C.I. Research 
Fellowship (A. J. B.) and a Nuffield Research Fellowship (D. K. C. McD.). 

The Dyson Perrins Laboratory, 

The Clarendon Laboratory, 

Oxford University. 

^*Mott and Jones, Theory of Properties of Metals and Alloys (Clarendon 
Press, Oxford, 1936), 28-40. 

Hume-Rothery, The Metallic State (Clarendon Press, Oxford, 1931), 100, loi. 


CORRIGENDA. 

P. 192, Fig. I. The legend should read Disproportionation of ^jAsCl. 
At 252® c. —O— ^,AsCl, —A— ^AsCl, —Y— ^sAs. 

At 304^ c. -- 0 -- ^jAsClg --A-- ^AsCl, --Y-- ^jAs. 

P. 193, Fig. 2. Add to legend -- 0 -- ^aAsCl* uncatalysed reaction. 

Fig. 3. The legend should read Disproportionation of ^AsCl*. 
At 256° c. -A-— MsCl, —O— ^aAsCl —AsClg. 

At 304^^ c. - - A - - MsCl,. 

P. 345, 1. 4. Delete as finally revised 17th March, 1947. 

P. 346, eqn. (i). For read 

P- 396, Table VIII, columns i and 3. The numbers within chain 
brackets refer to G, G -j- S* and S, respectively in vertically descending 
order. Column 5. Delete gel G. 

P. 397, Table IX, column 3. Type to be moved one line up. 

P. 403, eqn. (20). For Ej read E. 
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REVIEWS OF BOOKS. 

Synthetic Methods of Organic Chemistry. A Thesaurus by W. 

Theilheimer. Vol. I, 1942-1944. Translated from the German 

by Hans Wynberg. (New York: Interscience Publishers Inc. 

1948.) Pp. 254.- Price 30s. net. 

This volume is a translation into English of the original Synthetische 
Methoden der Organischen Chemie, Repertorium /, published in Basel 
in 1946. It is intended to be the first of a series of volumes in which are 
recorded “ new methods for the synthesis of organic compounds, improve¬ 
ments of known methods, and also old proved methods that are now 
scattered about in the specialised journals and in the original published 
work.*' Although the precise meaning of the foregoing quotation is far 
from clear, it is obvious that the publication of this work is a courageous 
and welcome venture. In the Foreword by Prof. Reichstein it is pointed 
out that whereas a well-organised system is already in operation for the 
systematic recording of all new organic compounds, little has been done 
to place on record the actual methods of organic chemistry. It is noted 
that his references to existing works which attempt to cover some part 
of this field make no mention of Hickinbottom's Reactions of Organic 
Compounds, a work of proved merit which has now, after twelve years, 
reached its second edition. The reason for this gap in the literature of 
organic chemistry is to be found mainly in the difiiculties inherent in the 
systematic classification of methods or reactions', which do not arise in 
the classification of compounds. Dr. Theilheimer has attempted to over¬ 
come these by the introduction of a number of reaction symbols repre¬ 
senting addition, elimination, rearrangement, exchange, ring opening, 
ring closure and electrolysis, which are used in conjunction with a few 
empirical rules. When this relatively simple system has been mastered 
it is then possible to find one's way about the pages of this volume with 
comparative ease, but for those who fight shy of new hieroglyphs and 
unaccustomed conventions there is an adequate alphabetical subject 
index arranged on a bilateral system which relates an individual item 
both to a starting material from which it can be synthesised, and to com¬ 
pounds for which the entry itself is a starting material. Each entry 
contains what is considered to be the minimunu necessary for an appraisal 
of the applicability of a synthesis, and references are given both to the 
original work and to Chemical Abstracts, This volume in no sense relieves 
the worker from consulting the original literature ; it is merely a useful 
guide to enable him to find what he wants more readily. 

It is obvious, both to the author and to the reader, that the com¬ 
pilation of a lexicon of new organic reactions presents yet another problem 
which does not arise in the case of new organic compounds. With the 
latter the material for inclusion selects itself, but with organic reactions 
the determination of what should be considered new is often a matter of 
personal experience and opinion. It is, therefore, almost certain that 
many chemists will not agree entirely with the author’s selection of material. 
In spite of these difficulties and limitations, which incidentally are fully 
appreciated by the author, there can be no doubt that all workers engaged, 
for one reason or another, in preparative organic chemistry will find this 
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volume useful and it may aptly be termed a Thesaurus, since it is a store¬ 
house within which the research worker will often find an unexpected 
stimulus or a new suggestion to help him on his way. The further volumes 
in this series will be looked forward to with interest. 

It is unfortunate that the first volume shows some signs of carelessness 
in presentation and perhaps in proof reading. The authors “ Gorvin 
and Hinkel" appear on different pages as “ Gorving and Hinkel/" 
Corvin and Hinkel/* and “ Gorvin and Henkel/' abbreviations used 
for journals are not always consistent, angular methyl groups are missing 
in some formulae, authors' initials are not used consistently and nomen¬ 
clature is sometimes faulty. In a book which contains so much detailed 
information it is perhaps inevitable that small inaccuracies should occur, 
but if this series of volumes is to find a permanent place among the 
universally accepted reference works of the organic chemist only the 
highest standards of accuracy can be permitted. 

D. H. H. 


Tables of Physical and Chemical Constants, 10th Edn. By G. W. C. Kaye 

AND T. H. Laby. (Longmans, Green & Co., 1948.) Pp. viii -f 194. 

Price 2IS. 

In October, 1911, the first edition of Kaye and Laby (as it is 
known to everyone) was published; 37 years later we now welcome 
the loth edition of this popular and useful compilation, and realise, 
with regret, that neither of the two original authors are still with us. 
Throughout these many years, it has fulfilled the need of a set of physical 
and chemical tables for use during teaching and in the laboratory. It 
has grown larger, a little dearer and better with each edition and still 
remains a valued friend. Few libraries or laboratories will not have 
at least one copy and that well-thumbed and somewhat soiled by constant 
reference to it. As with each new edition, the constants, both astronomical 
and physical, have been thoroughly revised and reasons given for the 
adoption of a particular value wherever controversy or ambiguity exists; 
in this last edition, the valuable chapter on optical glass has also been 
expanded and largely re-written. We do not believe that Kaye and Laby 
requires further recommendation except to urge the individual to buy 
a copy for himself so that he need not depend on its ready availability 
in the library nor be at a loss for the value of a constant when away from 
his laboratory. 



OBSERVATIONS ON THE SLOW COMBUSTION 
OF HYDROCARBONS. 


PART I.—THE ABSORPTION SPECTRA OF 
PEROXIDES. 

By Sir Alfred Egerton, E. J. Harris and G. H. S. Young. 

Received gth October, 1947. 

During investigations into the cause of knock (Egerton and Gates 
the importance of peroxides in the slow combustion of hydrocarbons 
became evident, but purely chemical methods of identifying the various 
peroxides were not very satisfactory, not only because of the difficulty 
of finding suitable reagents to difierentiate between them (Egerton, Smith 
and Ubbelohde *), but also because of the unstable nature of some of 
the peroxides which may be present during combustion and may not 
exist long enough to be found in the products. For these reasons the 
study of the absorption spectra of hydrocarbons during combustion was 
commenced (Egerton and Pidgeon Ubbelohde*). General absorption 
in the region below 2700 a. was found to be associated with peroxide forma¬ 
tion and for hydrocarbons with four or more atoms a diffuse band in the 
region 2750-2550 a. was observed, but there was no certainty as to the 
identity of the substances responsible for this band. Experiments on 
the behaviour of alkyl peroxides (Harris and Egerton*, Harris*) and of 
their influence on hydrocarbon combustion (cp. Neumann and Aivazov ’) 
made it worth while to extend the former spectroscopic investigation, 
in order to find out at what stage peroxides make their appearance during 
slow combustion. The experiments were made during 1939. Part I 
of the paper deals with the absorption spectra of various peroxides and 
this information is applied in helping to interpret the observed absorption 
spectra of butane undergoing slow combustion (Part II). 

Experimental. 

The apparatus used consisted of a quartz spectrograph, either the Hilger 
E. 31 (small) or E. 2 (medium), a hydrogen power discharge tube to provide 
a continuous source in the u.-v,, and a cylindrical quartz vessel with plane ends, 
25 cm. long and 4 cm. diam , which could be heated electrically. In some ex¬ 
periments this quartz cell was replaced by a Pyrex tube, 100 cm. long and 4 mm. 
diam., which had quartz windows cemented on the ends. In most cases the 
peroxide was admitted as vapour to the evacuated vessel, from a small bulb 
containing the liquid peroxide, and the pressure was measured by an amyl 
phthalate manometer, or by a frequently-calibrated spoon gauge, to indicate 
any pressure changes occurring during the decomposition of the peroxides. 
The temperature of the quartz vessel was kept constant throughout any single 
set of measurements. Accurate determinations of extinction coefficients by 
measurement of light intensity before and after absorption were not attempted ; 
but the pressure of the vapour, giving a figure proportional to the number of 
molecules in the light path, was used to correlate the observations, an\l the 

1 Egerton and Gates, J. Inst. Petr. Tech., 1927, 13, 281. 

• Egerton, Smith and Ubbelohde, Phil. Trans. Roy. Soc., 1935, 234, 133. 

• Egerton and Pidgeon, Proc. Roy. Soc. A, 1933, 14a, 26. 

• Ubbelohde, ibid., 1935, 153, 354. 

• Harris and Egerton, ibid., 1938, 168, i. 

• Harris, ibid., 1939, 173, 126. 

^ Aivazov and Neumann, Acta Physicochim., 1937, 6, 57. 

26 745 
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other conditions were kept as constant as possible : blank exposures were taken 
on each plate ; Ilford Zenith (H. and D. 700) plates were used and a standard 
development procedure was followed. A small cell consisting of two plane quartz 
plates at ^ mm. separation was used for tests of the absorption of the liquids. 

The absorption spectra of the vapours of the following classes of peroxide 
have been investigated : alkyl hydrogen, dialkyl, oxyalkyl hydrogen, oxydialkyl, 
dioxyalkyl peroxides ; but only a few observations were made with other 
peroxides such as peracids, alkylene and alkylidene peroxides. 

Alkyl Peroxides. — ^Methyl Hydrogen Peroxide was prepared by the 
action of hydrogen peroxide and potassium hydroxide on dimethyl sulphate. 
The purity (by KI method) was 90 %.♦ The pressure limit at which absorption 
was detected was i*8 cm. Hg in the 25 cm. cell; the limit of the photographed 
spectrum, or “ cut-off,’* was then at about 2150 A. Without peroxide but with 
the same conditions, the transmission extended to 2100 a. With increasing 
pressure the “ cut-off ” moved towards the visible, e.g. at 2*8 cm. Hg the “ cut- 
ofi ” was at 2300 A. There was no trace of a banded structure. The spectro¬ 
scopic evidence only indicated the formation of formaldehyde on decomposition. 

Ethyl Hydrogen Peroxide (92 % pure) was prepared similarly. The 
absorption was slightly less than with the methyl compound ; a pressure of 
2-0 cm. Hg was required to give a “ cut-off " at 2150° a. (cp. Table I). 

TABLE I. 


Pressure 

(cra.Hg). 

G>mplete 
Absorption (a). 

60% 

Absorption (a). 

30% 

Absorption (a). 

2*0 

2150 

2180 

2200 

3*0 

2250 

2300 

2480 

3*5 

2400 

2450 

2570 

4-5 

2550 

2600 

2690 

5*5 

2650 

2700 

2780 


The peroxide decomposed on heating above 150” c. and the absorption then 
steadily diminished ; as decomposition proceeded, formaldehyde bands gradu¬ 
ally appeared and became progressively stronger. Acids or peracids, which 
absorb in the same region as the peroxide, were not formed in amounts which 
might have been sufl&cient to detect spectroscopically. No bands other than 
known formalehyde bands were noted ; acetaldehyde, which analysis had shown 
to be present in earlier work (Harris •), would have not been detected spectro¬ 
scopically other than as a background of general absorption in the presence of 
the formaldehyde. 

Propyl Hydrogen Peroxide was prepared in a similar manner (purity 
80 % by KI method, but 95 % by direct C and H determinations) showed similar, 
but slightly less, absorption than ethyl hydrogen peroxide. The behaviour on 
decomposition at 160° c. was also similar (cp. Table II). 

TABLE II. 


Pressure 
(cm. Hg). 

Complete 
Absorption (a). 

60% 

Absorption (a). 

30 % 

Absorption (a). 

2*2 1 

2150 

2180 

2200 

3.6 

2250 

2300 

2350 

4*5 

2320 

2360 

2460 

6*2 

2390 

2480 

2540 


Diethyl Peroxide was prepared by Baeyer’s method by action of hydrogen 
peroxide and potassium hydroxide on diethyl sulphate (cp. Harris and Egerton •). 
The sample had the same b.p. and refractive index as given by Harris.® The 
absorption was similar to that of the alkyl hydrogen peroxides, with an extinction 
coefficient evidently less than that of ethyl hydrogen peroxide, but slightly greater 

♦ The reaction of KI with the various peroxides is not a sufficient measure 
of their purity, as the reaction is incomplete. 
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than that of propyl hydrogen peroxide (cp. Table 111 ). The decomposition 
above i8o® c. was accompanied by diminution of the “ cut-ofi " i.e. increased 
transmission of the shorter waves, as the strength of formaldehyde bands in¬ 
creased. No other bands were detected : acetaldehyde, which was found along 
with formaldehyde in the slow decomposition of diethyl peroxide (Harris and 
Egerton ®) was presumably also present. 

TABLE HI. 


Pressure 
(cm. Hg). 

Complete 
Absorption (a). 

60% 

I Absorption (a). 

30% 

Absorption (a). 

2‘0 

2150 

2180 

2200 

3*4 

2250 

2300 

23.50 

4*2 

2320 

2370 

2450 

6*2 

2400 

2470 

2540 


Diproi’YL Peroxide of purity 90 % (by KI method), behaved similarly 
but absorbed slightly less strongly. 

The absorption of equal numbers of moles of these peroxides is in the following 
order : 

H, 0 , >CH, . OOH >C,H, . OOH >CsH, . OOH 
V 

CjHj. 00 . CjHj >C»H,. 00 . C3H,. 

This order is in agreement with the experiments of Rieche on the liquid peroxides, 
and their solutions in hexane ; for the measurements on hydrogen peroxide see 
page 749. 

Oxyalkyl Peroxides. —Dioxydialkyl Peroxides R' . (OH). OO. (OH). R". 
These peroxides were prepared by methods due to Rieche,* namely by the action 
of a dry solution of hydrogen peroxide (3 %) in ether on the theoretical amount 
of the requisite aldehyde. The ether was removed by distillation under reduced 
pressure, and the crude product recrystallised from ether, usually at low tem¬ 
peratures. Only one of the peroxides, CH* . OH . OO . CHjOH, could be ob¬ 
tained crystalline at ordinary temperatures ; the other peroxides were viscous 
liquids which solidified to glassy solids at about — 50® c. The purity was 
estimated by KI, and checked by converting the peroxide to acid by heating 
with water at 100® c,, according to CH* . OH . OO . CHj . OH 2HCOOH -f- H*. 
Both methods give low results because of secondary reactions. Difficulties 
due to condensation arose when the pressure was made high enough to obtain 
absorption in the 25 cm. tube, so that the longer tube was used for the experi¬ 
ments with the oxyalkyl peroxides. 

CH, . OH . OO . CH.OH (Wieland and 


(i) Dioxydimethyl Peroxide, 
Sutter •). The vapour of this peroxide 
(at 105° c.) gave a general “ cut-off " 
extending to 2600 a. at i‘5 cm. Hg 
pressure in the long Pyrex tube. No 
formaldehyde bands were visible which 
indicates that the compound is not 
much dissociated at this temperature. 
When the temperature of the tube 
was raised, the " cut-off " diminished 
somewhat, and formaldehyde bands 
^peared and became strong at 190° c. 
Tins diminution in the “ cut-off 


TABLE IV. 


indicates that the 
dissociation 
170° c. (i 


H, 0 , formed by 
IS decomposing. At 
cm. Hg pressure) in addi¬ 


A (A.). 

1/A. 

Difference (a.-i). 

2463 

40600 

_ 

2445 

40900 

300 

2427 

41205 

305 

2420 

41322 

I17 

2396 

41750 

428 

2375 

42100 

350 

2350 

42220 

120 


tion to faint formaldehyde bands, the quite distinct additional system of bands 
in the far u.-v. was observed (Table IV). 

In general, bands in the region 2450-2200 a. are indicative of ring formation 

so that it can be suggested that a peroxide of the type, H,C<^ ^^CH„ 

: 0/ 


* Rieche and Meister, Ber. B, 1933, 66, 718. 

• Wieland and Sutter, ibid., 1930, 63, 66. 
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has been formed by the elimination of water; Neumann has supposed that 
such peroxides may be formed but no direct evidence of their existence is available. 

(ii) Dioxydiethyl Peroxide CH, . CH(OH) . OO . CH(OH) . CH, was 
obtained in a similar manner from acetaldehyde and H.O. (Wieland and 
Wingler 

The vapour gave a ** cut-off ’* extending to 2350 a. at 1*2 cm. pressure in the 
Pyrex tube at iio° c. This cut-off " increased with rise in temperature and 
acetaldehyde bands 3050-2650 a. appeared. No other bands, as found with 
dioxydimethyl peroxide, were noted. Some absorption in the region 2700- 
2500 A. occurred when this peroxide was heated at 118° c. 

(hi) Dioxydipropyl Peroxide C,Hj . CH(OH) . OO . CH(OH) , C,Hj pre¬ 
pared from propaldehyde and H, 0 *, was very similar in properties and in its 
absorption. The dissociation which seemed to commence at 160° c. was ac¬ 
companied by an increasing “ cut-off," and propaldehyde bands (3150-2700 a.) 
appeared. The aldehyde bands disappeared again at higher temperatures 
(190-220*^ c.), indicating further reactions, but the " cut-off " still increased. 
Finally, at 230°, ignition occurred. The combustion of pure propaldehyde in 
air at 150° c. led to similar behaviour as regards the character of the absorption 
spectra. The increased " cut-off " was shown not to be due to the formation 
of unsaturated hydrocarbons, and was therefore due to either acids or peroxides 
(which were both shown to be present by analysis). 

Amongst these dioxyperoxides, dioxymethyl peroxide appears to behave 
in an exceptional way in giving the special bands, and in the diminution of the 
" cut-off " on rise of temperature : for the other peroxides, the decomposition 
has as its first stage the formation of free aldehyde, and possibly hydrogen per¬ 
oxide, or other peroxides formed by the oxidation of the aldehyde by the hydrogen 
peroxide. Further reactions subsequently occur, with the formation of peracids, 
acids and similar products, which absorb in the region 3000-2000 a. Since the 
aldehyde bands only appear on rise of the temperature, dissociation can be by 
no means complete at 100° c., and the compounds may exist at considerably 
higher temperatures in the absence of surfaces. 

Newitt and Baxt observed bands in the region 2450-2300 a. in the com¬ 
bustion of propane-air mixtures under pressure. The bands were very diffuse 
in character, and were provisionally ascribed to propaldehyde ; however, there 
are no bands of the latter in this region recorded in the literature, and it is 
likely that they are similar to the bands obtained with dioxydimethyl peroxide 
and are due to a similar peroxide produced during combustion. 

There is difficulty in identifying these bands with any known compound 
and they are apt to disappear on slight changes of procedure. As an example 
of this, some dioxydimethyl peroxide was prepared from hydrogen peroxide 
(3 % in ether) and formaldehyde in ether, which was obtained not in the usual 
way by extracting aqueous formaldehyde from ether, but by dissolving liquid 
formaldehyde (obtained from paraformaldehyde by heating) in ether at — 50“ c. 
The peroxide so prepared, although apparently identical with that obtained by 
the other methods, did not give the bands described. The reason is obscure 
but the original dioxydimethyl peroxide possibly contained CH, . (OH) . OOH, 
which might influence the character of the substances formed from it. 

Monoxydialkyl Peroxides.—These peroxides are prepared by the action of 
the theoretical amounts of alkyl hydrogen peroxide on an aldehyde in solution. 
All the peroxides studied were oily liquids ; and there were the same difficulties 
in determining the purity of the samples examined. 

(i) Monoxymethyl Ethyl Peroxide CH,. CH(OH) . OO . CH, was 
prepared by the action of methyl hydrogen peroxide on acetaldehyde. The 
vapour gave general absorption extending from the u.-v. to 2500 a. at 2 cm. 
pressure in the Pyrex tube. 

(ii) Monoxydiethyl Peroxide CH, . CH(OH) . OO . C,H, was prepared 
by action of ethyl hydrogen peroxide on acetaldehyde. The vapour (at 2 cm.) 
gave similar absorption in the F^rex tube. At lower pressures (1-2 cm.), a very 
weak absorption band in the region 2700-2500 a. was noted on one plate, in 
addition to the " cut-off " at 2200-2300 a. ♦ It was in this region that the 
pronounced band occurs in hydrocarbon combustion (for C4H1Q and above). 

Neumann, Acta Physicochim., 1938, 9, 527. 

Wieland and Wingler, Annalen, 1923, 431, 301. 

Newitt and Baxt, J. Chem. Soc., 1939 . 1703* 

* The observations on the vapour of monoxydiethyl peroxide have been 
confirmed in this laboratory by Minkoff and Everett; the peroxide gradually 
decomposes above 140® c. and formaldehyde bands appear. The weak absorp¬ 
tion band in the region 2700-2500 a. was not observed. 
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(iii) MonoxVD iPROPYL Peroxide, (CtH, . CH(OH) . OO . CjH,). gave ab¬ 
sorption in the region 2500-2000 a. only. All the oxyperoxides seemed to absorb 
rather more strongly than the alkyl peroxides but not so strongly as hydrogen 
peroxide. 

Hydrogen Peroxide.—The peroxide used was 60-70 % aqueous solution 
prepared by repeated distillation of 30 % peroxide under reduced pressure. 
The vapour pressure at room temperature is less than that of water (the ratio 
of the vapour pressure of water to that of H, 0 , is 1*138). The small amounts 
vaporised at normal temperature in the long Pyrex absorption tube were rapidly 
decomposed. For this reason the experiments were carried out in the short 
quartz tube, heated electrically, the per¬ 
oxide being admitted from a small bulb 
through a heated side-arm. After the 
exposure had been made the vapour was 
pumped through a trap cooled with solid 
CO ,-alcohol mixture, and condensed. 

The peroxide content was determined with 
N./ioo KMnO, (in presence of HjSO,). 

The results arc summarised in Table V. 

The absorption of solutions of H, 0 , 
in water was compared using the same 
25 cm. quartz cell. The limit of detection 
was 0*007 % which gave a “ cut-off to 
2100 A. (The limit of transmission for 
the spectroscope was 2000 a. with Ilford special Q plates.) Table VI gives the 
vapour pressure which the H, 0 , would exert if present as such in the tube. In 
this way the results can be compared w-ith those obtained for the vapour. 

TABLE VI. 


TABLE V. 


Pressure H^Os 
(cm. Hg). 


0-5 

1*04 

1*48 

2 *o 6 


Complete 
Absorption (a). 


2150 

2190 

2230 

2260 


Conen. 
H, 0 , %. 

Vapour Press, 
cm. Hg. 

Cut Off 

A. 

Conco. 
H, 0 , %. 

V^apour Press 
cm. Hg. 

Cutoff 

A. 

0*0007 

0*34 

2100 

0*10 

49*0 

2770 

0*001 

0*49 

2150 

0*25 

122*5 

2950 

0*0025 

1*22 

2200 

1*00 

490*0 

3100 

0*005 

2-45 

2320 

— 

— 

— 

0*01 

4*90 

2500 

[ 





By using the relationship, 1 ~ /„e”^^at the chosen wavelength, an approximate 
measure of the extinction coefficient was obtained, which showed no maxima 
in the region studied. The results are in good agreement with those obtained by 
Rieche,^® Henri and Wurmser,^* and Urey, Dawsey and Rice.^* The absorption 
of the vapour does not differ appreciably from that of the liquid. 

Formaldehyde.—^The absorption spectra of formaldehyde vapour between 
50'’ and 300° c. was studied in the long Pyrex tube (no cm.), the vapour being 
admitted from a small heated bulb containing paraformaldehyde and a spoon 
gauge being used to measure the pressure. 

The formaldehyde bands first became noticeable at a pressure of o*6 cm. 
Hg, with the tube at 180® c. As the pressure was increased, the bands became 
wider and more pronounced and extended towards the far u.-v. At 1*74 cm., 
bands in the region 2700-2600 a. became pronounced. In no case, however, 
were bands detected in the region 2500-2200 a., although there was some general 
absorption (about 10 %) in this region for higher pressures of formaldehyde. 
This was largely due to a film of paraformaldehyde being deposited on the quartz 
windows, as shown by purposely depositing such a film. A general reduction 
in intensity of about 5 % for the whole region 4500-2100 a. was obtained. The 
intensity maxima of the formaldehyde bands as measured by the microphoto¬ 
meter are given in Table VII and are in good agreement with previous results 
(cp. Henri and Schou ‘•). 

Rieche, Alkyl Peroxyd (Leipzig. 1931 ). 

Henri and Wurmser, Compt. rend., 1913, 136 , 157, 284. 

Dawsey, Rice and Urey, J. Amer. Chem. Soc,, 1929, 51, 1371. 

Henri and Schou, Z. Physik,, 1928, 49, 774. 
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The absorption spectra of acetic acid, peracetic acid, acetaldehyde and pro- 
pionaldehyde were ^so photographed, but it would be superfluous to quote 
results as they were in complete agreement with known data. The absorption 
coefficient of the acids which absorb in the same region were found to be rather 
less than those of the peroxides : peracetic acid (75 %) was found to absorb 
to about the same extent as acetic acid. 

TABLE VIL 

A(a.). I i/A(cm.“»). A(a.). A(a.). iM(cm.-»). I A(a.). i/A(cm.-i). 


15 

18 









mm 

29506 

3054 

32744 

2844 

35162 

3294 

30327 

3036 

32938 

2807 

35624 

3260 

30675 

2979 

33569 

2792 

35816 

3203 

31223 

2952 

33875 

2756 

36285 


2617 

2592 


38214 

38579 


Summary. 

The absorption spectra of the vapours of hydrogen peroxide, alkyl hydrogen, 
dialkyl, oxydialkyl and dioxyalkyl peroxides were investigated. The extent of 
the extinction in the u.-v. end of the spectrum at different pressures was deter¬ 
mined. All the following vapours cut off similarly, but in the following order 
of decreasing extinction : 

H,0,>CH300H>C,H.00H>C3H700H, > and CiH^OOH >C3?l300C,H, > 

C,H,00C,H7. 

The spectroscopic evidence indicated that the oxydialkyl and dioxyalkyl 
peroxides could exist undissociated even above 100® c. Their decomposition 
into formaldehyde and other peroxides and acids was investigated spectro¬ 
scopically. DioxydimethyL peroxide at 170^0. provided a band system be¬ 
tween 2460 and 2350 A. which indicated possibly polymerisation and ring 
formation. The higher oxyperoxides did not give rise to similar bands. With 
increase in temperature, extinction decreased with dioxydimethyl peroxide 
but increased with other dioxydialkyl peroxides owing to the formation of other 
peroxides and acids. The absorptions of the vapours of hydrogen peroxide, 
formaldehyde and formic and acetic acids were measured under similar conditions. 

Department of Chemical Technology, 

Imperial College, 

S.W.7, 


OBSERVATIONS ON THE SLOW COMBUSTION 
OF HYDROCARBONS. 

PART II.—THE ABSORPTION SPECTRA OF 

BUTANE UNDERGOING SLOW COMBUSTION. 

By Sir Alfred Egerton and G. H. S. Young. 

Received gth October, 1947. 

Former work (Egerton and Pidgeon has been extended in order to 
determine at what stage in hydrocarbon combustion the various absorption 
bands make their appearance. 

Experimental. 

Reactions between various mixtures of n-butane and oxygen were carried 
out in the same quartz reaction vessel 25 cm. long and 4 cm. diam., under 

^ Egerton and Pidgeon, Proc, Roy. Soc. A, 1933, 26. 








Platk I.— t/i Butane-oxygen. Static conditions, 275*^ c. and 730 mm. initial pressure. 

Showing change of the absorjition band, and the “cut-off ” with time: exposures at i min. 
intervals approximately, after the first 3 min. 


[To face page 731 . 
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flow and static conditions. Particular attention was paid to the early stages 
of the reaction between butane and oxygen, and to the conditions for the forma¬ 
tion of the absorption band in the region 2750-2550 a. found in the earlier work. 
Propane in slow combustion at atmospheric pressure gives no such band. 
Tables I and II give the experimental conditions for obtaining this band, and 
for reaching complete reaction with no further light absorption for various 
mixtures. 

(i) Slow Flow Conditions. 

TABLE I 


Mixture 

Temp. 

Maximum 
Rate of Flow 
for Band 
(cc./min.). 

Approx. Time 
for Band 
to Appear 
(min.). 

Rate of Flow 
for Complete 
Reaction 
(cc./min.). 

Approx. Time 
for Complete 
Reaction 
(min.). 

2/1 

290 

40 

6*2 

20 

6*2 

3/2 

290 

35 

7*1 

18 

14 

I/I 

290 

27 

9-2 

16 

15*6 

1/2 

290 

18 

14 

14 

i6*4 


Since these experiments were carried out under flow conditions, the apparent 
contact time in columns 4 and b has, of course, little significance, since the point 
at which the butane commenced to react is iinknowm. 

(ii) Static Conditions. 

TABLE II 


Mixture 

Temp. 

®c. 

Time for Band 
to Appear 
(nun.). 

Complete 

Reaction 

(min.). 

2/1 

270 

5 -l‘> 

>II 

3/2 

270 

5-6 

> 10 

I/I 

270 

4-5 

> 8 

1/2 

270 

5-6 

>II 


Under flow conditions, the 2/1 mixture appeared to react faster, whilst under 
static conditions the i/i mixture reacted most rapidly. In both cases, however, 
the times for appearance of the band were related to the times for complete 
reaction. The actual time of appearance obviously depends on the concentra¬ 
tion which is needed to give detectable absorption. In the flow experiments, 
the destruction of intermediate peroxides at the walls would be greater ; that 
the 2/1 mixture is more reactive is probably due to the buflering effect of the 
excess butane. The influence of the walls in destruction of chain-carriers was 
shown by the temperature required, being about 30° higher in a narrower tube 
for a similar rate. From the evidence afforded by the absorption spectra, the 
reaction passed through the following stages, the one merging into the next: 

(i) No detectable absorption (to 2050 a.). 

(ii) Slight absorption to 2100 a. ; no detectable aldehyde bands. 

(iii) Appearance of the band 2750-2550 a., gradually increasing in intensity, 
the “ cut-off " remaining practically unaltered ; no aldehyde bands 
yet visible. 

(iv) Decrease in intensity of the 2750-2550 a. band, accompanied by the 
appearance of formaldehyde bands ; the “ cut-off also increasing. 

(v) Final disappearance of the 2750-2550 a. band ; formaldehyde bands 

become strong ; “ cut-off ” extended to 2600 a. * 

(vi) Complete reaction, accompanied by slight diminution in intensity of 
the formaldehyde bands, and in the extent of the " cut-off.” 

The appearance and disappearance of the 2750-2550 a. band and the change 
of the ” cut-off ” is shown in the Plate. 

Propylene alone in the long tube at atmospheric pressure- ” cut-off ” at 
2430 A. and gave a slightly diffuse band from 2470-2430 a. The addition of 
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5 % propylene to a i/i butane-oxygen mixture in the tube at 260° did not 
produce any visible difference from the photog^ph obtained with the i/i 
mixture without addition of propylene. The extinction coefficient of the un¬ 
saturated hydrocarbons and the percentage of these found in the butane oxidation 
products is insufficient to change appreciably the character of the absorption. 
Propylene oxygen mixtures themselves gave rise to formaldehyde bands on 
combustion. 

Experiments were also carried out in which a pressure gauge of the aneroid 
type (which Dr. E. J. Harris had devised) was attached to the reaction vessel, 
and analyses were made before, and inunediately after, an exposure. The 
methods of analysis were similar to those employed by Harris and Egerton * 
in the slow combustion of propane, the reaction being stopped at the appropriate 
instant by plunging the reaction vessel into water at 0° c. Table III gives the 


TABLE III.—i/i Mixture at 275° c. ; 73 cm. Initial Total Pressure. 


Time 

(min.). 

Press, 
(mm. Hg). 

Absorption 
(see Schedule 
of Stages). 

C4H1. 

(mm.). 

0. 

(mm.). 

Peroxide 

(total) 

(mm.). 

Acid 

(total) 

(mm.). 

Aldehyde 

(total) 

(mm.). 

0 

730 

None 

365 

360 

_ 

_ 

— 

6- 6i 

730 

(i) 

321 

300 

14 

4 

— 

8- 8 J 

733 

(ii) 

270 

232 

30 

7 

7 

9 - 9 * 

736 

(iii) 

228 

175 

44 

10 

14 

lo-ioj 

742 

(iv) 

175 

II7 

44 

13 

22 


751 

(iv) 

140 

73 

36 

16 

42 


partial pressures of the various constituents capable of absorption during the 
time-intervals stated. Unsaturated hydrocarbons were less than 1*5 %; no acid 
other than formic was found. 

Fig. I illustrates the changes in absorption with time for a i/i mixture at 
73 cm. pressure. The dashed line indicates approximately the extent of ab¬ 
sorption which would be expected from the quantity of peroxide determined 
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Fig. I. 

by analysis (all assumed to be ethyl hydrogen peroxide). The dotted line in¬ 
dicates the absorption by the formic acid as determined by analysis. The full 
line indicates the extent of the observed “ cut-off ", which was definitely rather 
greater after 5 min. than that estimated from the peroxide found by analysis. 

Discussion. 

It seems quite clear that the initial cut-off which occurs before there is 
any appreciable pressure rise, can only be attributed to an alkyl peroxide 
or to hydrogen peroxide, whilst the diffuse band (2750-2550 a.) is due to 
a more complicated peroxide, probably possessing a ring structure which 
may be due to polymerisation or condensation reactions between alde¬ 
hydes and alkyl peroxides or hydrogen peroxide. Four-membered ring 
structures, formed from ketene, and other such ring compounds tend to 
give an absorption band in this region : so that there is good reason to 

• Harris and Egerton. Chem. Rev., 1937, 21, 287. 



SIR ALFRED EGERTON AND G. H. S. YOUNG 7 ^ 

consider that the substance responsible for the band is both a ring compound 
and a peroxide (Ubbelohde ®). The peroxide found by analysis in the 
later stages of the reaction appears to consist chiefly of hydrogen peroxide 
in co-existence with formaldehyde, so that alkoxy-peroxides may be 
present after condensation of the reaction products, if water and other 
substances are not in too great concentration to prevent this. Harris 
has shown that hydrogen peroxide vapour can be led through a silica 
tube at quite high temperature (500° c.) without being completely de¬ 
composed, and at temperatures (200-300'^ c.) important in hydrocarbon 
slow combustion, the chance of survival is quite long ; part of the “cut¬ 
off “ observed in hydrocarbon combustion may therefore be due to HgOj. 
Similarly, provided the pressure is below a critical value, alkyl peroxides 
can survive (Harris *), The results quoted in Part I show that oxyper- 
oxides may also exist in the vapour state at temperatures up to about 
150^^ c., and possibly some may survive in absence of surfaces at still 
higher temperatures, but the quantity so existing in hydrocarbon com¬ 
bustion is probably very much less than corresponds to the amount 
which appears to be present in the condensed products, which are formed 
after condensation from aldehydes and other more stable peroxides. It 
is doubtful whether any oxyperoxide would be formed, and remain as 
such, by direct reaction of aldehyde and hydrogen peroxide vapours at 
the temperature of the combustion. 

The evidence in the case of propane was that whether or not peroxides 
are detected in the condensate, the percentage of the other products, 
aldehydes, etc., in the vapour remains the same (Harris and Egerton ®), 
indicating that hydrogen peroxide was the main peroxide present in the 
vapour. With propane, special bands have been observed (see previous 
paper, p. 747), which seem also connected with peroxide formation. 

In the butane oxidation, the measurements of the extent of “ cut-off “ 
and the analyses of the products indicated that the initial “ cut-off “ 
was not sufficiently great to be explained by absorption by hydrogen 
peroxide only, but is more likely to be due to alkyl (and possibly oxyalkyl) 
peroxides, which absorb less strongly. Analyses showed a total con¬ 
centration of peroxides at the end of the induction period of 6 %, and the 
assumption that 3 % of this was alkyl hydrogen peroxide and 3 % oxyalkyl 
peroxide would account for the experimentally determined absorption 
(both band and “ cut-off “). 

In the case of propane, very little reaction occurs before the pressure 
rise begins, but for butane an appreciable amount of butane and oxygen 
is consumed in equivalent amounts before any pressure rise occurs, and 
there is a noticeable “ cut-off “ and band appearance before this rise. 
This would be consistent with the view that an alkyl hydrogen peroxide 
and an oxyalkyl peroxide were formed during the induction period. 

Another difference is observed between the combustion of propane 
and butane in the amount of unsaturated hydrocarbons formed. Not 
only were unsaturated products formed in much smaller amount with 
butane, but propylene had no effect on its combustion. This is probably 
due to the lower temperature at which combustion occurs. 

The absorption spectra of formic and acetic acids were investigated 
at various pressures and temperatures and were found to be similar to 
those of the alkyl peroxides, the absorption of the acids per mole, however, 
being considerably less than that of the peroxides. The absorption could 
not be distinguished from that due to the peroxides, unless, after sihalysis 
for acid and peroxide, allowance was made for their respective extinctive 
effect. The analytical evidence definitely shows that the initial “ cut-off “ 
cannot be attributed to acid formation. The amount of acid becomes 
appreciable only in the later stages of the reaction, and during that period 

* Ubbelohde^ Proc. Roy, Soc, A, 1935, 153, 354. 

* Harris, ibid., 1939, 173, 141. 

26* 
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the absorption is actually decreasing, which can be attributed to the 
decrease in the amount of peroxide present being more than sufficient to 
compensate for the increase in the amount of acid. 

The absorption by various other hydrocarbon vapours undergoing 
combustion was determined in the same apparatus during the course of 
the work and are summarised in Table IV. 

TABLE IV. 


Propane. 


Pentane. 


Hexane. 
Propylene. 
Butylene-1. 


/sobutane. 


No absorption band (2750-2550 a.) ; two narrow bands in region 
2300-2250 A. (i/i mixture at 300° c. in long tube) ; there are the 
usual" cut-off " and formaldehyde bands ; the initial" cut-off " 
being rather greater for propane than for butane. 

The absorption band 2750-2550 a. is rather more pronounced than 
that with butane (e.g. for 3/1 mixtures at 314° c., rate of flow 30 
cc./min. in long tube) ; rather more acid formed and therefore 
greater " cut-off " at the completion of the reaction. 

Similar results. 

Already cited. 

No band in region 2700-2600 a. detected on combustion ; only 
formaldehyde bands ; the " cut-off " to 2590 a. by the hydrocarbon 
itself prevented observation of any bands further in the u.-v. 

Did not show any band in the region 2700-2550 a., though the 
usual " cut-off " was observed. 


The absorption given by formaldehyde, acetaldehyde, propionaldehyde, 
butyraldehyde, was also rc-investigated; the temperature had no effect 
on the absorption, unless oxygen was present, when the “ cut-off " was 
observed. 

On the spectroscopic evidence the combustion of w-butane is accom¬ 
panied by formation of peroxides, chiefly hydroperoxides amongst the 
initial products. These peroxides may decompose into simpler products, 
or may condense along with aldehydes, giving oxyperoxides and then 
polymerising to give one or other cyclic peroxides. These peroxides 
apparently decompose into formaldehyde, water and other products. 
If any appreciable quantity of higher aldehydes (e.g. butyraldehyde and 
propionaldehyde) is formed, it has not been detected spectroscopically, 
although it has already been pointed out that neither this nor the analytical 
method are satisfactory for small quantities of the higher aldehydes. 

This investigation had to be closed down early in 1940. Though 
not carried as far as it was intended, the results seem worth recording 
in furtherance of the study of hydrocarbon combustion. Further work 
is now in hand. 


Summary. 

The absorption spectrum in the u.-v. of ti-butane undergoing slow combustion 
was photographed in flow and static conditions, and at various temperatures 
and for different initial proportions of butane and oxygen. The former observa¬ 
tions by Egerton and Pidgeon ^ on absorption of the shorter waves and on the 
band between 2750 and 2550 a. were extended by photographing the spectrum 
and analysing the products as the combustion proceeds. 

It is shown that two absorption bands appear during the induction period, 
i.e. before pressure-rise occurs, and that peroxides are then present. The 
absorption in the early stages is mainly due to peroxides, whereas part of the 
absorption is due to formic acid in later stages. The band (2550-2750 a.) is 
only given by hydrocarbons with four or more carbon atoms. It is not found 
during the combustion of butyraldehyde or tsobutane, or of butylene. 

The presence of 5 % propylene did not alter appreciably the character of the 
absorption spectra of n-butane undergoing combustion ; the amount of unsatur- 
ateds formed in the combustion of n-butane is insufficient to account for the 
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absorption. Attention is drawn to the differences between the behaviour on 
combustion of propane and that of «-butane, and between the absorption spectra 
obtained. 

Department of Chemical Technology^ 

Imperial College, 

S.W.j, 


PART IIL—THE EFFECT OF DILUENTS AND 
OTHER SUBSTANCES ON THE SLOW 
COMBUSTION OF BUTANE. 

Simultaneously with the investigations of the absorption spectra of 
butane in slow combustion (see Part II), other experiments were carried 
out in 1939 on the slow combustion of this hydrocarbon with the analytical 
technique used by Harris ^ for the study of the propane combustion. 
Preliminary experiments were made using a flow method, followed by 
static experiments on a i/i mixture of butane and oxygen in which the 
effects of diluents were particularly studied. 

The slow combustion of butane has been investigated by Pease * by 
a flow method, and this was followed by a later communication ® in which 
he concluded that since KCl was active in destroying the peroxides without 
otherwise influencing the combustion, the latter were not essential to the 
combustion process. He considered the combustion to be initiated by 
thermal decomposition. Briner and Carceller * studied the action of 
ozone in lowering the temperature at which slow combustion of butane 
occurs and Neumann and Tutakin ® the effect of diethyl peroxide on its 
ignition. 

Experimental. 

Preliminary Experiments by Flow Method. 

In studying the combustion using a flow method, the rate of flow determines 
the times of contact of the gas mixture with the walls of the tube and so affects 
the extent of chain-initiating and -breaking. 

In the following experiments, a measured volume of butane and oxygen 
(400 cc.) was passed through the reaction tube at a rate of 10 to 20 cc./min. 
giving a contact-time for the butane of about i min. A quartz reaction tube, 
10 cm. long and i cm. diam. was employed in a vertical furnace arranged for 
very even heating over the length of the tube. Products were condensed at 
— 5° c. ; the formaldehyde was scrubbed out in a spiral washer : the butane 
was not condensed. The ratio of butane to oxygen was varied from 2/1 to 2/3. 
About 25 to 30 % of the butane was burnt, and the ratio of the percentage of 
butane entering to that in the gases leaving after condensation of products was 
unity, generally within about 10 %. The ratio of oxygen to butane burnt 
for a i/i mixture was about 3/1 as compared with about 2/1 for a i/i propane 
mixture, the butane, of course, requiring more oxygen per mole burnt. 

Table I shows that : 

(а) the total amounts of final products—aldehydes, alcohols, acids—did 

not vary much ; 

(б) total peroxides varied greatly with the condition of the surface ; 

(c) total carbon monoxide was higher for higher proportions of oxygen ; 

(d) total unsaturated products were greater the higher the temperatuje. 

The aldehydes were about 60 % formaldehyde, the alcohols mainly ethyl alcohol, 
and the acids almost entirely formic acid. 

^ Harris, Analyst, 1937, 729 - 

* Pease, J. Amer. Ckem. Soc., 1929, 51, 1839. 

* Pease and Munro, ibid., 1934, 56, 2034. 

* Briner and Carceller, Helv. Chim. Acta,, 1935. 973 - 

* Neumann and Tutakin, Bull. Acad. Sci. U.R.S.S., 1938, 329. 
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The constancy of the proportion of butane in the gas entering to that in the 
gas leaving seems to follow from the fact that the quantity of total liquid product 
was more or less independent of the quantity of butane entering and from the 
adjustment between the proportion of CO* and CO in the exit gas, the CO being 
higher when the butane proportion was low. 


TABLE I. 


Temp. 

“c. 

Kate 

cc./ 

min. 

C 4 H,o. 

0,. 

m. 

0, 

used. 

CO,. 

CO. 

CfiHn*. 

Total 

Acid. 

Total 

Alde¬ 

hyde. 

Total 

Alco¬ 

hol. 

Per¬ 

oxide 

(as 

H, 0 ,). 

Approx. Initial 
Composition 

cA./o*. 




g. mol. X 10“* per g. mol. of Butane Consumed. 



3^5 

5 

328 

335 

330 

25*4 

170*0 

25*9 

7.7 

63*0 

38*2 

4*7 

I/I 

325 

II 

354 

261 

212 

7-0 

103*0 

1 16*1 

2*0 

63*0 

56*0 

3*4 

4/3 

325 

4 

43 « 

199 

162 

11*6 

76*0 

16*2 

2*0 

6o*o 

46*7 

Nil 

2/1 

335 

7 

321 

480 

467 

26*9 

287*0 

22*2 

8*8 

97*1 

66*0 

24-3* 

2/3 

340 

12 

305 

340 

293 

8-1 

128*0 

12*7 

10*0 

92*0 

32*0 

1*5 

I/I 

345 

8 

437 

3O2 

312 

23*8 

143 

35-6 

7*2 

78*0 

40*0 

I2*2* 

6/5 

355 

6 

331 

254 

220 

II -5 

110 

36*2 

3*2 

73-8 

60*4 

0*9 

4/4 

355 

7 

350 

268 

231 

20*9 

I3X 

! 

44*1 

3*7 

65-0 

69-5 

1*0 

4/4 


♦ Tube cleaned with hydrofluoric acid. 


The carbon balance shows a deficiency of about 20 % and the hydrogen 
considerably more. This is probably accounted for by a polymer being formed. 
In experiments in longer soda-glass tubes in a horizontal furnace, solid products 
appeared at a definite distance from the point of entry of the gases into the 
heated tube. The solid product was shown to contain paraformaldehyde. 
Peroxides were not found when soda-glass tubes were used. 

Under the above conditions, butyraldehyde oxidised at a much lower tem¬ 
perature (230° c.) giving chiefly CO, formaldehyde and water. No unsaturated 
hydrocarbons were found but a considerable amount of peroxide (HjO* and 
CH*(OH)OOCH*(OH)) were identified in the products. 

Propionaldehyde oxidised rapidly at 250” and a small amount of propion- 
aldehyde added to the i/i butane-oxygen mixture caused violent ignition at 
310” c., while with 20 % the reaction proceeded at the same rate as without 
the addition, but at about 70° lower. 

Static Experiments. 

Pressure Change.—The investigation of the combustion of butane under 
static conditions was confined mainly to the i/i butane-oxygen mixture to 
which diluent gases had been added. The mixtures could be passed from a large 
storage vessel into the reaction vessels evacuated by a high-vacuum system. 
Three reaction vessels were in use ; 

(i) a spherical soda-glass vessel, 120 cc. (surface to volume, 0*17) ; 

(ii) a spherical quartz vessel, 120 cc. ; 

(iii) a cylindrical quartz vessel, 600 cc. (27 X 5*4 cm. ; surface to volume, 0*79) ; 

(i) and (ii) were heated electrically, and the temperature controlled to about 
i 1° c. ; (iii) was heated by diphenylmethane vapour and was constant to about 
± 0 * 5 ° c. ' 

Pressure was measured on a diaphragm gauge (an altimeter modified by Dr. 
E. J. Harris for such purposes). An angular deflection of 1° per mm. change of 
pressure was obtained between 50 and 80 cm. ; a pointer could be used to indicate 
pressure, or when the rate of change was rapid, a beam of light was projected 
from a mirror on the instrument on a photographic film. Mercury manometers 
were ruled out—except for calibration purposes because mercury vapour was 
found to affect the reactions. 

After introduction of the mixture into the reaction vessel, the change of 
pressure (A/>) in cm. with time (f) in min. was observed. It was first necessary 
to “ stabilise " the surface of the vessel; however much the surface was cleaned 
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by reagents, reproducible results were not obtained unless at least one ignition 
had been permitted to occur, thereafter results could be repeated quite satisfac¬ 
torily (to within about 15 sec.). The surface thereby got an invisible coating 
which was uninfluenced by the reaction products. 

From the curves obtained under various conditions, values of ^ and A in 
the equation 


were obtained for the initial portion of the curve, where w — reaction rate. 
It was necessary to use 

^ == ^Pl - >Og A/*! j 


derived from the more approximate expression 


Jo 


wdt ~ Ae^t to get the first 


estimate of the rate of reaction and then to obtain the value of 1 wdt by 

Jo 

succe.ssive approximation. 

On the following graphs (Fig. i and 2) the effect of pre.ssure and of temperature 
on the values of A and ^ are given for a i/i butane-oxygen mixture. Other 



Fid. 2. 


results are given in Tables II and III where r indicates the length of the induction 
period. It was found that: 
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(i) the values of A and for a 1/2 butane-oxygen mixture are higher than 
for a I /i mixture ; 

(ii) in the large quartz vessel, the value of ^ changed only slightly, but A 
increased considerably with temperature ; in the small quartz vessel 
both values increased with temperature ; 

(iii) the effect of pressure varied with the composition of the mixture. 


TABLE II.— 1/2 Butane-Oxygen. 
Temp. 255° c. Small Quartz Bulb. 


P (mm.). 

T5 (min.). 

Te (min.). 


log A. 

400 

17*5 

45 

0*20 

- 2-8 

470 

14*0 

30 

0*20 

— 2*1 

600 

ii-o 

26 

0*20 

- 1*5 

708 

11*0 

25 

0*23 

— 1-6 

743 

8-7 

25 

0*25 

- 1*5 


TABLE III.— i/i Butane-Oxygen at 740 mm. 
Small Quartz Bulb. 


Temp. ®c. 

T5 (min.). 

Tc (min.). 


log A. 

235 

75 

_ 

0-075 

- *49 

240 

46 

75 

o-o8i 

- 3*0 

245 

28 

45 

o-ioo 

™ 2-1 

250 

20 

30 

0-120 

- 1*7 

254 

13 

22 

0-136 

— i-j 


When an attempt was made to use a similar equation as Prettre applied to inter¬ 
pret the combustion of propane, viz., 

in which represents the partial pressure of butane, pt the total pressure of 
butane and oxygen, and pi the partial pressure of the inert gases. 



was found to vary with 

Prettre had obtained a constant value for for propane with a — 1*5. No 
value of a was found to give a constant with butane ; a = 3 gave constancy 
up to = 40 mm., but above this the agreement was poor. The pressure rise 
was not a measure of the oyxgen consumed, as it appeared to be with propane : 
even before any rise of pressure occurs, some oxygen is consumed. The rate 
of consumption depends on the concentration of intermediate products and at 
A^ — 30 nim. a change in the nature of the reaction occurs resulting in increased 
rate of oxygen consumption. The pressure-rise is a composite curve which is 
not easy to interpret; as the results of analyses at various stages of the reaction 
subsequently showed, only the initial part of the pressure-rise is proportional 
to the oxygen consumption. 

Result of Analyses of the Products at Various Stages of the Reaction.— 

The gas mixture was admitted to the reaction vessel and when a certain pressure- 
rise had occurred the reaction vessel was withdrawn and quenched at 0° c. The 
..Residual gas pressure was measured, a sample of the gas analysed and the liquid 
products were dissolved in water and also analysed. Both the small quartz 
and the large quartz reaction vessels were used, with a mixture of i/i butane- 
oxygen, at a temperature of 242° c. and an initial pressure 700 mm. Hg. The 
results were similar for both vessels, except the maximum percentage of aldehyde 
found was 10 % in the smaller, instead of 7-9 % as found in the larger vessel. 
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The final products were practically identical. The results are given in per¬ 
centages actually present in the gas-phase at the temperature of the reaction. 
(See Table IV (a) and (6) and Fig. i.) 

In Table IV (b), the effect of temperature on the final products for a 6/5 
butane-oxygen mixture is recorded. The figures in (a) and (6) are not com¬ 
parable because of the change in initial concentration. 

If the values in Table IV (a) are plotted, the curves show that (a) the alde¬ 
hydes and peroxides increase rapidly over the first 30 mm. pressure rise and then 
fall off, the peroxides more rapidly than the aldehydes, (b) the CO, commences 
to increase after 20 mm. pressure rise, whereas CO commences earlier and gives 
a slightly more S-shaped curve, (c) the alcohols increase regularly up to 40 mm. 
and then rather more slowly, the acids quite regularly throughout, and also the 
water. The consumption of oxygen and butane is regular over the first 20 cm. 
and then the consumption of oxygen becomes more rapid up to 50 cm.-rise. 
The unsaturated products remain at about the same small concentration at this 
temperature (240° c.). 

Analytical Methods. 

Gaseous Products : A Bone-Newitt apparatus was employed using palladium 
for hydrogen and copper oxide for hydrocarbons. The «-value (column 12, Table 
IV), if lower than 4, indicates the proportion of hydrocarbons lighter than butane. 


(fl) 


TABLE IV.— Quartz Vessel 600 cc. Initial Pressure 70 cm. 
T = 242° c. 


Pressure 

Rise 

(mni,). 

C4H10. 

0,. 

COg. 

CO. 

C„H«. 

HCOOH. 

Total 

Alde¬ 

hyde. 

Total 

Alco¬ 

hol. 

Per¬ 

oxide. 

H*0 

(Diff.). 

n- 

Value 
of Gas. 

2 

50-0 

45*0 

_ 

_ 

0-8 

_ 

_ 

_ 

1*0 

3*2 

4*0 

10 

44-0 

40*0 


1*0 

0*8 

1*2 

1*0 

2*0 

1*5 

4*0 

3*9 

15 

40*8 

39*6 

— 

I‘0 

0*5 

2*6 

3-8 

5*9 

6-6 

6‘0 

3*9 

20 

38-0 

34*8 

— 

1*5 

0-5 

3*0 

4*2 

5*9 ' 

6*6 

8*0 

3*9 

30 

34*0 

25*0 

I’O 

2*5 

0-5 

3*0 

7-8 

5*9 

6*4 

15*5 1 

3*7 

40 

31-0 

13*0 

6*0 

6*0 

0-7 

3*0 

7*0 

6*1 

4*0 

22*0 

3*7 

50 

27*2 

2*8 

7*7 

I 1*0 

0*9 

5*5 

6*0 

7-0 

2*2 

31*0 

3*6 

60 

End of 

26-8 

2*4 

8-2 

11*3 

0*8 

5*2 

5*2 

8*7 

2*0 

31*0 

3*8 

reaction 

25-0 

0*8 

10*9 

11*3 

1*0 

6*5 

4*8 

15*0 

1*0 

30-0 

3*7 




Temp. 

®c. 

C4H10. 

0,. 

COg. 

CO. 

CnHm. 

HCOOH. 

Total 

Alde¬ 

hyde. 

Total 

Alco¬ 

hol. 

Per¬ 

oxide. 

HgO 

(Diff.). 

n- 

Value 
of Gas. 

238 

30-0 

0*1 

10*9 

10*9 

_ 

7.2 

6*3 

17*8 

1*6 

15*5 

3*9 

242 

32*1 

0*1 

ii*i 

ii*i 

— 

7-0 

5*8 

17*0 

1*4 

14*5 

3*7 

247 

34*2 

0-2 

8*0 

13*5 


7*0 

5*5 

15*6 

I*I 

i6’0 

3*6 


Acids : by titration using bromphenol blue ; free formic acid by mercuric 
chloride method. The latter method was used to determine the formic acid 
obtained after decomposing oxyperoxides by refluxing with water at loo'* c. 

Peroxides : by KI in presence of ammonium molybdate. All peroxide 
determinations were low ; the method gave results 95 % correct wtth HjO,, 
but only about 60 % for most organic peroxides. No correction was applied on 
this account. The ammonium thiocyanate method also gave low results and 
was not therefore used. The behaviour with Methylene Blue helped to dis¬ 
tinguish oxyperoxides from H, 0 , and alkyl hydrogen peroxides. 

Aldehydes : the Mai aldehyde by^ Blank and Finkenbeiner’s method with 
H, 0 , and caustic soda ; the free aldehyde by the hydroxylamine method. The 
difference indicates the amount of oxyalkylperoxides, which do not liberate 
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I 

HCl immediately from a neutral solution of hydroxylamine h5rdrochloride. 
The formaldehyde was determined by Romijn's cyanide method and by the mer¬ 
curic chloride method. 

Alcohols : by a modification of Washburn and Osbourn’s method, after 
removal of aldehydes, using phosphoric acid and N./5 dichromate. (In Table IV, 
the alcohol is assumed to be ethyl alcohol; the quantity of methyl alcohol was 
determined occasionally and, from the results obtained, the figures given may 
be 5 % low for total alcohol.) 

The initial portion of the curve (up to 10 mm.) represents approximately the 
rate of combustion of the butane and oxygen. Above about 30 mm., the pressure- 
rise is affected by the rate of combustion and decomposition of aldehydes and 
peroxides. The A and ^ values have no simple interpretation in such a com¬ 
plicated reaction except in the initial stages. 

It was found that addition of carbon dioxide to the butane-oxygen mixture 
gave a greater final pressure-rise than would be expected, considering that carbon 
dioxide had replaced some of the butane-oxygen mixture. 

The analyses of the final gases for varying additions of carbon dioxide (Table V) 
shows the effect of the diluent CO, in increasing the percentage of butane relative 
to the oxygen consumed and correspondingly increasing the percentage of 
aldehyde formed. 


TABLE V.— Initial Pressure 700 mm. T — 242° c. 


C 4 H 10 . 

0,. 

CO,. 

CO. 

Total 

Alde¬ 

hyde. 

Total ! 
Alcohol. 

H,0,. 

Acid. 

H,0. 

n> 

Value. 

% CO, 
added. 

32-1 

0*1 

II*I 

II*I 

5*8 

17*0 

1*4 

7*0 

14*5 

3*7 

_ 

25-9 

1*2 

21*2 

10*7 

6*2 

II'O 

0*9 

2*7 

I9‘0 

3*6 

11*4 

24*9 

1*2 

24-9 

10*2 

8*3 

12*6 

0*5 

1*9 

i6*o 

4*0 

14*3 

21*0 

1‘2 

37‘5 

8-6 

II-4 

12*2 

1*0 

2.3 

5*1 

4-0 

28-0 

II-3 

2*5 

47-0 

6-4 

i8‘8 

12-8 

0*5 

2*3 

1*2 

5*2 

35*0 


The carbon dioxide presumably prevents aldehydes reacting with oxygen 
at the walls of the vessel and the aldehydes tend then to increase the rate of the 
reaction by supplying active centres. It is important to determine the propor¬ 
tion and nature of the higher aldehydes in relation to the formaldehyde and it 
is intended to resume the experiments with this object. 

Measurement of Pressure Change in Presence of Inert Gases. —The effect 
of additions of CO,, H„ helium and argon on the rate of rise of pressure is given 
in Table VI. 


TABLE VI. 

A, Effect ot Initial Pres- B. Effect of Partial Pressure of CO,. 
SURE OF CO, at 256° C. at 244*" C, 

70 CM. Total Initial 
Pressure. 


Pressure 

CO, 

(cm.). 

^6 

(min.). 


log^. 

Pressure 

CO, 

(cm.). 

Total 

Pressure 

(cm.). 

T5 

(min.). 

Final 

Pressure. 


log^. 

. 

8-0 

0-301 

- 1-7 

8 

70 

16 

10*7 

0-300 

- 4*1 

2 

7*5 

0-301 

— 1*6 

10 

71 

21 

8-6 

0-300 

- 5*5 

4 

8*2 

0-301 

- 1*7 

20 

72 

26 

7-0 

0*170 

~ 3*7 

6 

10-5 

0*270 

— 2*1 

24 

73 

34 

5*5 

o-ioo 

~ 2-7 

15 

13*0 

0*198 

- 1-9 







18 

15*0 

0*178 

— 2*0 







28 

i 8*5 

0-150 

— 2*1 







38 

20*5 

0-125 

1 

- 1*9 
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TABLE VI.— (continued). 


C. Effect of Addition of Hydro- D. Effect of Addition of Helium ; 
GEN ; 256° c. ; 70 CM. 248° c. ; 70 cm. 


Pressure 

H, 

(cm.), j 

T5 

(min.). 

AplAt. 


log A. 

Pressure 

He 

(cm.). 

T5 

(min.). 

AplAt. 


log A. 

_ 

9-0 

lo-o 

0*301 

— 2*0 

_ 

20*0 

7*2 

0*150 

- 2*3 

1*9 

6-5 

Expl. 

0*400 

- 1*9 

9 

18*5 

11*0 

0*202 

- 3-0 

3-8 

8-0 

,, 

0*400 

- 1*9 

5 

18*2 

11*0 

0*190 

-2*8 

7-6 

9-0 

40*0 

0*301 

— 2*0 

2*5 

16*0 

12*5 

0*170 

— 2*0 

II -4 

11*0 

25-0 

o*28b 

-2*4 

1*2 

16*0 

12*5 

0*165 

- 1*9 

15*2 

11*0 

20*0 

0*301 

-2*5 






19*0 

12*5 

13*3 

0*250 

- 2*4 






23-8 

19*2 

1 

10*0 

0*286 

1 

1 - 4*8 



‘ 1 




E. Effect of Addition of Argon; 256° c. ; 
72 cm. 


Pressure A. 1 
(cm.). 

Ts 

(min.). 

1 

AplAt. 


log A. 

_ 

10*8 

12*0 

0*301 

- 2*4 

0*6 

10*0 

Expl. 

0*325 

-2*5 

2*7 

10*5 


0*310 

-2*4 

3*6 

10*5 

25*0 

0*200 

--I *3 

5*4 

io -5 

20*0 

0*150 

- 0*5 

13*4 

11*0 

20*0 

0*090 

- 0*3 

8*0 

11*0 

10*0 

0*075 

— 0*1 


The following may be noted— 

(i) Addition of CO*.—The values of A were unaffected, as were values of ^ 
for small amounts of COj but the ^-values fall off for larger additions. The 
final pressure is greater than for the mixture alone at the same total pressure 
of butane-oxygen mixture. 

(ii) Addition of Hydrogen. —Although the values of A and ^ (for 7*6 cm. 
addition, for instance) were similar to the undiluted mixture, the reaction was 
four times as fast. This acceleration was not due to the participation of the 
hydrogen in the oxidation. 

(iii) Addition of Helium. —The accelerating effect was even greater than 
for hydrogen. At 256®, below ii cm. addition, the mixture exploded. 

(iv) Addition of Argon. —The acceleration was greater than provided by 
CO2, but less than that by Hg or He. 

Further evidence (see Table VI B), that the value of ^ may be maintained 
apparently constant owing to the decomposition of intermediate products, was 
afforded by some experiments in which COg was added to the undiluted mixture 
in such amount that the total pressure was equal to that of the undiluted mixture 
for a given pressure increment. The values for the total pressure of butane 
and oxygen for the undiluted mixture were obtained from the pressure-time 
curves and corresponding analyses, 

^ fell off considerably in spite of the pressure increase. From the values of 
Tg at 244° c. and 70 cm. pressure, it would be expected that the time for the 
pressure to increase from 10 to 30 mm, would be 13 min., but actually it was only 
3 min., which indicated that secondary reactions were occurring. * 

The general inference from all the static experiments is that the sigmoid 
pressure-rise curves for the butane oxidation cannot be interpreted in terms of 
a simple chain reaction, but that the chain reactions are complex and influenced 
by the various products formed during the reaction. The accelerating influence 
of the diluents is probably due to their action as buffers preventing oxidation 
of the aldehydes or other intermediates in the chain process at the walls. 

There appears to be an additional accelerating effect with the monatomic 
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gases, due perhaps to the easier transference of energy. This is suggested be¬ 
cause the effect of helium is even greater than that of hydrogen, although the 
effect of conductivity would be much the same as for hydrogen. 

Effect of Addition of Aldehydes and of Hydrogen Peroxide. —The effect of 
addition of aldehydes was also investigated (see Table VII). 

The chief effect of the addition of 

TABLE VII.— -Initial Pressure 700 
MM. Temperature 242° c. 


propionaldehyde was to decrease the 
induction period ; the value of ^ was 
little altered until the proportion of 
aldehyde was high. Butyraldehyde 
had more effect than furfuraldehyde, 
the latter more than acetaldehyde, 
while furfuradelhyde had a small 
effect. Formaldehyde also had quite 
small effect. 

If P is the partial pressure of the 
aldehyde and t is the induction period 
in min., r = const. — log (P -{- AT), 
X depending on the particular alde¬ 
hyde used. When carbon dioxide and 
propionaldehyde were both added, 
the values of ^ and A were identical 
in spite of differences in the amount 
of aldehyde and carbon dioxide (and 
hence also the butane and oxygen) 
which were initially present. The 
value of was increased as compared with the value for butane and oxygen 
alone. Since both carbon dioxide and aldehyde are formed in the reaction, 
it is probable that the increase in is due to their combined effect. Mixtures 
with a high butane content (66 % and over) exhibit a sharp break in the slope 
of the curve at 40 mm. Similar breaks were noted when propionaldehyde was 
added, and the oxidation of the aldehydes is presumably the reason for this 
sudden change in the shape of the curve. 


Pressure 

Propion- 

alJehyde. 

(miu.). 

(min.). 


log A . 

_ 

30*5 

0*120 

- 3*0 

1-8 

21*0 

0*150 

- 2-5 

3*6 

15*0 

0*120 

— 1*1 

4*5 

14*0 

0*120 

— 1*0 

5*5 

II’O 

0-135 

-0*8 

7*3 

9*0 

0*150 

-0*65 

10*4 

6*0 

0*150 

— 0*20 

i 6-3 

3*0 

0*200 

0*10 

i8-2 

2*0 

0*200 

0*30 


TABLE VIII.— Effect of Propionaldehyde and 
Carbon Dioxide. Initial Pressure (Total) 
70 cm. Temperature 242® c. 


No. 

Press. 

CO, 

(cm.). 

Press. 

CjHftCHO 

(cm.). 

rs 

(min.). 


logi 4 . 

Blank 


_ 

30-5 

0*120 

- 3*0 

Pi 

32*0 

0*90 

8*0 

0*115 

- 0*23 

P2 

23*0 

1*35 

5*0 

0*195 

- 0*28 

P3 

32*0 

1*63 

5*5 

0*195 

- 0*35 

P4 

16*3 

1*63 

5*0 

0*195 

— 0*28 

P5 

12*0 

1*70 

4*0 

0*301 

- 0*50 

P6 

26*4 

1*70 

5*0 

0*195 

— 0*28 

P? 

9*0 

2 *6 o 

4*0 

0*301 

- 0*50 


Addition of hydrogen peroxide to the i /i butane-oxygen mixture at 244° c. 
and 70 cm. initial pressure had no appreciable effect in small quantity (8 mm.) ; 
a larger amount (15 mm.) caused a slow pressure rise amounting to about 5 mm. 
at the end of the normal induction period ; thereafter the pressure-time curve 
was unaffected except that the final pressure was 8 mm. higher than usual. 
Analyses showed a higher peroxide content than usual, but the other products 
were not appreciably changed. Assuming that the additional 8 mm. was due 
to the dissociation of the peroxide, the amount decomposed was equivalent to 
6 mm. of the original peroxide pressure and 9 mm. being the excess peroxide 
found on analysis, the total 15 mm. was accounted for, so that the hydrogen 
peroxide does not appear to have played a part in the reaction. 
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Conclusion. 

Investigations carried out on the oxidation of propane (Harris,* 
Newitt and Thornes ’) show that very little reaction occurred before 
pressure change commenced and that after the induction period, the 
pressure-time curve was proportional to the propane consumed. The 
present studies show that butane behaves rather differently ; not only 
is there a measurable quantity of butane consumed before the pressure- 
rise commences, but the shape of the pressure-time curve is not simply 
related to the oxygen or butane consumed. The analytical evidence is 
supported by the evidence from the absorption spectra given in Part II, 
a noticeable “ cut-o£E ** band being obtained before any pressure-rise 
occurs. 

The analyses showed that butane and oxygen were consumed in 
equivalent amounts during the induction period and as no change of 
pressure occurred, the reactions must provide two molecules of product. 
The spectroscopic evidence suggested that an alkyl hydrogen peroxide 
and an oxyalkyl peroxide were both present, the latter being formed 
from the alkyl hydrogen peroxide and the aldehydes also produced at 
this stage. Even if these peroxides are only formed momentarily in the 
vapour state and then either decompose, or polymerise, or reform on 
cooling (for they are found in the liquid products), the radicals giving 
rise to them must be present in the gas-phase. 

There seems to be an underlying similarity of behaviour in all gaseous 
oxidation processes. The hydrogen-oxygen reaction is the reaction about 
which most is known and assuming that the underlying process is akin 
to that reaction, then it follows that where RH is a hydrocarbon, 
RH + H ; R' + O, -> RO', RO', -f RH R' + ROOH. This 
peroxide ROOH immediately breaks down into aldehydes, alcohol, form¬ 
aldehyde, CO, HjO, etc. It may not even be formed ; if it is found to be 
present, it is indicative of the general character of these initial reactions, 
but does not necessarily affect their course. Aldehydes probably react 
according to a similar mechanism through the radical RCO', producing 
the peroxides RCO . OOH, which also may not be actually formed as a 
stable product. Radicals such as CjHjO, formed by decomposition of 
organic nitrates and the like, which like aldehydes shorten the induction 
period, probably oxidise similarly to aldehydes. 

On this basis, a mechanism of reaction could be built up to fit the 
observations which have been here recorded. The peroxides found are 
indicative of the mechanism but are not controlling the reaction ; alde¬ 
hydes play an essential role, particularly in initiating the reaction and 
controlling the rate. The course of the oxidation of the aldehydes at the 
walls is probably not the same as in the body of the gas and if the alde¬ 
hydes formed are prevented from reaching the walls, the reaction proceeds 
at a different rate. 

It is not intended to draw conclusions or to discuss more fully the 
observations made in this communication until the experimental results 
have been extended using improved analytical methods. 

Summary. 

Mixtures of butane and oxygen varying from 2/1 to 2/3 were oxidised at 
325® c. to 355® c. under flow conditions in a quartz tube, and the**products 
analysed. The total condensate and the proportion of aldehyde, alcohols and 
acids did not vary much. The amount of peroxides varied considerably ; the 
proportion of CO increased with the oxygen and unsaturated products increased 
with temperature. Similar experiments were made at lower temperatures on 

• Egerton and Harris, Chem. Rev., 1937, 287. 

’ Newitt and Thornes, /. Chem. Soc., 1937, 1656. 
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butyraldehyde and on propionaldehyde, and on a mixture of 20 % propion- 
aldehyde and i/i butane-oxygen which caused the butane oxidation to proceed 
at a temperature about 70® lower. 

Experiments in quartz and in glass vessels were done under static conditions 
on the i/i butane-oxygen mixture by measurement of the pressure-rise under 
different conditions of temperature and pressure. The results were not sus¬ 
ceptible of interpretation in terms of a simple chain mechanism. 

The influence of carbon dioxide, hydrogen, argon and helium on the pressure- 
rise was determined. The diluent gases increased the rate of rise of pressure, 
argon more than carbon dioxide ; hydrogen, and particularly helium, were still 
more effective. 

Analyses of the products at various stages of the reaction were made for a 
i/i butane-oxygen mixture at 242®. During the induction period and the first 
part of the pressure-rise, the rate of butane and oxygen consumption is equal 
and peroxides and aldehydes, etc., are formed ; when the pressure rises by 20 
or 30 mm., the peroxides and aldehydes commence to be consumed, and oxygen 
to be used up faster, CO being formed in corresponding amounts. 

The effect of addition of CO* is to increase the percentage of butane consumed 
and the aldehydes produced. The main effect of the addition of aldehydes was 
to shorten the induction period. Addition of hydrogen peroxide did not greatly 
affect the reaction. Provisional conclusions are discussed. 

Department of Chemical Technology, 

Imperial College, 

S.W.y. 


NOTE ON THE DECOMPOSITION OF 
HYDROGEN PEROXIDE AND ITS FORMA¬ 
TION DURING THE SLOW COMBUSTION 
OF HYDROCARBONS. 

By E. J. Harris. 

(Communicated hy Sir Alfred Egerton.) 

Received ^th October, 1947. 

The study of the products of the slow oxidation of hydrocarbons 
has shown that under favourable conditions peroxides can be obtained 
which have the properties of compounds of aldehydes with hydrogen 
peroxide.^* ** ^ The possibility of isolation of such peroxides depends 
to the greatest extent on the nature and condition of the surface: silica 
and Pyrex favour their isolation, whereas alkali-washed surfaces and soda- 
glass reduce the quantity found to very small amounts.^- ® 

The properties of some alkyl peroxides have been investigated ® and 
it has been shown that the alkyl hydrogen peroxides decompose hetero¬ 
geneously. It has been of interest therefore to compare the behaviour 
of hydrogen peroxide under comparable conditions. If hydrogen per¬ 
oxide can exist in quantity at temperatures of 300-350° c., its direct 
formation during slow combustion is possible, and in order to explain 
its presence in the reaction products, it is unnecessary to postulate the 
conversion of radicals, such as HO 2, to HjO* at a cool part of the reaction 
tube. Hinshelwood ’ has shown that the decomposition of hydrogen 

^ Lenher, /. Amer, Chem. Soc., 1931, 53, 3737. 

* Ubbelohde, Proc. Roy. Soc. A, 1935, 152, 354. 

* Egerton and Harris, Chem. Rev., 1937, 21, 287. 

* Harris and Egerton, Proc. Roy. Soc. A, 1938, 168, i. 

* Pease and Munro, J. Amer. Chem. Soc., 1934, 56, 2034. 

« Harris, Proc. Roy. Soc. A, 1939, 173, 126. 

’ Hinshelwood and Prichard, J. Chem. Soc., 1923, 2725. 
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peroxide is heterogeneous at lower temperatures. In an empty vessel 
the half-life was about 160 sec. at 76*^ c , while in a vessel containing glass 
wool the decomposition was so rapid that no peroxide survived after only 
an “ exceedingly short heating 

Experimental. 

A flow system similar to that used for hydrocarbon oxidation was employed, 
consisting of two traps, one at each end of a quartz reaction tube which was 
0*35 cm. diam. and 3 cm. in length. A quantity of peroxide of known strength 
(about O5 % H, 0 ,) was weighed from a small pipette into the inlet trap and the 
outlet trap was cooled in solid CO, to — 60° c. The peroxide was vaporised 
in a stream of nitrogen, the inlet trap being kept at 52° c. to provide a suitable 
vapour pressure. The gas flow was kept steady at 1-2 cc./sec. When 4-5 1 . 
of gas had been used, the experiment was stopped and the residual peroxide 
in the vaporiser was washed out and titrated, and the condensate at the outlet 
was similarly analysed. The efficacy of the collecting trap was checked by passing 
the exit gas through a bubbler containing acid permanganate. 

The amount of peroxide distilled during the experiment was deduced by 
subtracting the amount remaining unvaporised in the inlet trap from the original 
amount used, and since the amount which survived distillation is known, the 
quantity decomposed is found. 

Tt was necessary to check the amount of peroxide which decomposed in 
the vaporiser itself during the run. This was done by parallel experiments in 
which a quantity of peroxide was stored at 52° c. in a tube fitted with a reflux 
condenser. The amount of peroxide used was then corrected for the decomposition 
which had been found to take place in the liquid-phase ; this was not more than 
5 % of the total amount which was vaporised. 

Results and Discussion. 

The fraction of the peroxide distilled which survived exposure to high 
temperature in the reaction tube was very variable and it is not useful 
to set out the full results. They may be summarised as follows. At 
251°, with a contact time of 0*5-1 sec. between 15 % and 47 % was 
decomposed when the tube was “ clean At 305° with a clean tube, a 
contact time of i sec. led to 15 % decomposition. At 505-525° c. with 
contact time 0*4-0*5 sec., the figure was 55 % decomposed, which increased 
to 80-100 % at 550° c. 

The rate of gas flow did not affect the fraction decomposed in a regular 
way, and had only a subordinate influence. The state of the surface of 
the tube has a considerable influence and varied in an irregular manner 
during the course of the work. Putting a few crystals of KCl in the tube 
increased the decomposition from 18 % to 36 %, whereas washing the 
tube with a solution of the salt increased the decomposition to 80-90 %. 
This indicates that the chloride is catalytically active, but is nevertheless 
not strikingly efficient. A trace of mercury put in the tube at the inlet 
end completely led to destruction of all the peroxide, some mercuric oxide 
being deposited along the tube. The use of mercury manometers in 
systems designed for the examination of the products of slow combustion 
reactions which may contain peroxides appears inadvisable in this respect; 
the vapour pressure of the mercury may be sufficient to lead to complete 
decomposition of the peroxides. The increase of the surface brought 
about by packing the tube also increased the decomposition (to 96 % at 
251° c.). This result would be anticipated for a surfece reaction. 

From these results it is clear that hydrogen peroxide can exist at 
temperatures up to 525°, and at that temperature has a half-life* of about 
0*5 sec. in the experimental vessel. At 204°, only a quarter was decom¬ 
posed in 2 to 1*5 sec. This may be compared with a 5 % decomposition 
of ethyl hydrogen peroxide at 180° for a contact time of 4 sec. The surface, 
however, is capable of so much change that in another run the hydrogen 
peroxide was only 4 % decomposed at 231° after o*8 sec. 

The effect of adding aldehyde vapour carried in nitrogen to the 
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peroxide-nitrogen mixture inside the reaction tube was investigated. 
In slow combustion reactions, aldehydes are always present and it is 
therefore important to know whether their presence greatly modifies 
the rate of decomposition of hydrogen peroxide ; propaldehyde was em¬ 
ployed in the tests as it had a convenient vapour pressure. The number 
of moles of aldehyde used was approximately twice the number of moles 
of hydrogen peroxide distilled during the experiment (2 millimoles). 
It was found that, under otherwise comparable conditions, the fraction 
of peroxide decomposed was about 40 %, as against 25 % in absence of 
aldehyde (temperature 325°, contact time 0-5 sec.). This difference 
was, however, within the limits of variation of the experiments and it 
may be due entirely to a change in the nature of the surface. Analyses 
were carried out on the material collected from the aldehyde -f peroxide 
runs. The amount of acid formed did not exceed O’l m.-equiv. The 
peroxide in the product was determined either by titration with perman¬ 
ganate at 0° c., or by the titration of the iodine liberated from acid KI 
in the presence of a trace of ammonium molybdate. The aldehyde in 
the condensate was determined by hydroxylamine hydrochloride as it 
was found that the presence of peroxide did not interfere. It appears, 
therefore, that the combination between hydrogen peroxide and propal¬ 
dehyde is very loose in solution. 

The small quantity of acid in the condensate indicates that under 
the conditions of these experiments in which rather narrow tubes were 

used, the second of the reactions, R . CHO 5 !^* r . CHOH . OOH —► 
R . COOH -f- HjO, does not take place in the gas-phase. With formalde¬ 
hyde, hydrogen peroxide in solution forms the fairly stable dioxymethyl 
peroxide : this compound is known to decompose at temperatures as low 
as 65° in the solid state to form hydrogen and formic acid.® If its forma¬ 
tion and subsequent decomposition by the same course had proceeded 
in the gas-phase in the propane oxidation,^ the hydrogen content of the 
gas should have been 2-3 times as great as they found ; however, it is 
possible that the decomposition in the gas-phase does not lead to hydrogen, 
so an examination of its decomposition in the vapour-phase is required. 

Such hydrogen peroxide as is found in slow combustion experiments 
(combined with aldehyde or not) may only be a fraction of that which 
has been formed during the reaction. If the surface is not alkaline and 
mercury is absent, it may represent some 70 % of the true figure ; on the 
other hand, if traces of catalytically-active substance are present, the 
apparent yield is reduced to zero in just the same way as all the hydrogen 
peroxide is destroyed by similar treatment of the tube in these experi¬ 
ments. As the quantity of the other products formed in slow combustion 
of propane were not affected by salt-washing,* the main reaction does not 
appear to be influenced by the possibility of survival of hydrogen peroxide, 
i.e. the hydrogen peroxide represents the termination of a series of re¬ 
actions, so its own fate does not determine that of any other molecule. 

Summary. 

Hydrogen peroxide can exist for an appreciable time (ca. o*5 sec.) in the vapour 
state at 500° c. in a quartz tube. Its formation and temporary accumulation 
during slow combustion of hydrocarbons can therefore occur, but its own fate 
does not alter the nature of the other end-products. 

Admixture of proprionic aldehyde did not greatly increase the decomposition 
of hydrogen peroxide at 325° c. Coating the surface of the tube with KCl in¬ 
creased the decomposition and the presence of mercury, or use of a packed tube, 
led ^o complete decomposition. 

Department of Chemical Technology, 

Imperial College, 

S,W. 7. 

• Wieland and Wingler, Annalen, 1923, 431, 301. 



CHARACTERISTIC INFRA-RED FREQUENCIES 
AND CHEMICAL PROPERTIES OF MOLECULES. 

By M. St. C. Flett. 

Received 2jth October, 1947. 

It is well known that certain atomic groupings give rise to infra-red 
bands at characteristic frequencies even when they occur in complicated 
molecules. These frequencies correspond to modes of vibration of the 
molecule, which are primarily controlled by the motions of atoms within 
the group in question. It has been shown mathematically that such 
chciractenstic frequencies are to be expected when the force constant of 
some bond is much greater than the other force constants of the mole¬ 
cule. The C==C, and C=N— bonds provide examples of this. 

The piesence of atoms, such as hydrogen, of mass quite different from 
that of other atoms present, causes bonds such as C—H, N—H, O—H 
to have characteristic frequencies. Small variations are observed in the 
value of any characteristic frequency in a series of molecules, and it was 
decided to examine these variations in some detail. The variations are 
attributable partly to the fact that all frequencies are properties of the 
molecule as a whole, and partly to variations of force constants within 
the atomic group in question. In many cases the latter effect seems to 
predominate. 

In general, force constants can be calculated from vibration frequencies 
only by a normal co-ordinate treatment, which is practicable only for 
molecules with few atoms or high symmetry. Accordingly calculation 
of force constants has not been attempted in most of the work described 
below. It has however been shown ^ that in the case of X—H bonds, 
force constants can be calculated fairly successfully from characteristic 
frequencies. Results described below also indicate that in a series of 
related molecules, changes in characteristic frequency run parallel to 
force constant changes. 

One of the factors in determining reaction velocities is the ease with 
which the bonds of the reacting groups can be stretched so as to form the 
transition-state complex. Hinshelwood, Laidler and Timm * consider the 
formation of the activated complex in a reaction of the type 

A + B~-C-► A ... B ... C 

to involve two processes, the approach of A against the repulsion of B—C, 
and the stretching of B—C. The activation energy is regarded as made 
up of repulsion energy and bond-stretching energy, either of which may 
in suitable circumstances be the more important factor. Accordingly, 
it was thought that the characteristic frequencies, being determined, in 
part at least, by the force constants of the bond in question, might in 
some cases parallel reaction rates. 

It therefore appeared that two types of information might be obtained 
by studying the characteristic frequencies of a group in a series of related 
molecules in which the reactivity of the group in question in each member 
had been determined by reaction-rate measurements. Firstly, empirical 
relationships might be obtained between reaction rates and frequencies, 
which would be of value in predicting unknown rates, since, owing to 
recent advances in the technique of infra-red spectroscopy, measurement 
of spectra is easier than rate measurements, particularly with very slow 

^ Linnett, Trans. Faraday Soc., 1945, 41, 223. 

* Hinshelwood, Laidler and Timm, J. Chem. Soc., 1938, 851. 
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or very fast reactions. The problem of correlating structure and reactivity 
of organic compounds is complicated by the presence of both kinetic and 
potential energy terms in the rate equation.® It may however be shown 
that for a series of reactions of similar molecules, where the entropies of 
activation of the reactions are approximately equal, the differences in 
the kinetic energy terms are small. It is in such cases that correlations 
between characteristic frequencies and reaction rates might be expected. 
Hammett ® summarises evidence showing that in certain series of reactions, 
particularly side-chain reactions of m- and />-disubstituted benzenes, 
the observed rates provide a good measure of the electronic shifts occurring 
in the molecule. This leads to the second possible application. If re¬ 
lations could be established between frequencies and rates in such cases, 
it would become possible, in suitable cases to use infra-red frequencies 
to gain information about electronic distribution in molecules where rate 
data are not obtainable. Small variations in characteristic frequencies 
will clearly be useful in structural investigations if they can be definitely 
connected with the electronic nature and strength of the bond in question. 

To test the above suggestions correlations have been sought : (a) 

between the C==0, —OH and C—O frequencies in various m- and p- 
substituted benzoic acids and their rates of esterification ; (6) between 
the N—H frequencies in substituted anilines, the C==0 frequencies in acid 
chlorides, and rates of benzoylation ; (c) between C=0 frequencies of 
aldehydes and ketones and rates of semi-carbazone formation, and 
{d) between the —C=N frequency in substituted benzonitriles and rates 
of HjS addition. 

Experimental. 

(а) Materials. —The acids, anilines, aldehydes and ketones wore mostly 
commercial materials, purified by distillation or recrystallisation till their boiling 
points or melting points showed them to be sufficiently pure. The acid chlorides 
were prepared from pure acids and thionyl chloride: ^-chloro and ^-nitro 
benzonitrile were prepared by the Sandmeyer reaction, and y)-aminobcnzo- 
nitrile by reduction of the nitro nitrile. The solvents used were of Analar quality. 

(б) Spectral Measurements. —Most measurements were made with a 

Hilger D209 Infra-red Spectrometer, using a rock-salt prism. The resolution 
was adequate, except for the measurement of the monomer —OH frequency 
in the acids. Single-beam photographic recording was used. All the frequencies 
reported were measured with reference to some band or bands of accurately 
known wavelength which appeared on the same record. To provide this calibra¬ 
tion and ensure that the cell was clean a spectrum of the solvent was always 
measured in the same cell immediately before the sample. There are, for example, 
water vapour bands which serve to locate C=0 frequencies. The —NH, fre¬ 
quencies were determined by interpolation between one of the peaks in the 
2*7^ water band, and a band in the spectrum of liquid carbon tetrachloride at 
about 3070 cm.“i, the frequencies of which were in turn obtained by interpolation 
between the bands of liquid benzene which were accurately measured by Ingold 
et a/.^® — C^N frequencies were obtained by interpolation between bands 

in the spectrum of chloroform at 2425 and 1963 cm."^ whose frequencies were 
in turn obtained by interpolation from the well-known peaks of the 6^ water- 
vapour band and the carbon dioxide band at 2363 cm.-^. In this region it was 
found necessary to use the rock-salt prism in conjunction with the cam designed 
for the quartz prism so as to obtain adequate dispersion of the records. Where 
necessary the interpolation was made more precise by using a travelling micro¬ 
scope. Dr. H. W. Thompson of Oxford University very kindly had the —OH 
frequencies of the monomeric acids in carbon tetrachloride measured on his 
double-beam recorder, with a fluorite prism. 

Results and Discussion. 

(a) Substituted Benzoic AciDS.—Since the rates of esterification 
were measured in methanol *• the C=0 frequencies were fiirst measured 

• Hammett, Physical Organic Chemistry, p. 186. 

* Hartmann and Borders, J. Amer. Chem. Soc., 1937, 59, 2107. 
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in this solvent. The acids are believed to be monomeric in methanol. 
The C =0 frequencies lie between 1695 and 1720 cm.-^ in methanol, as 
compared with 1735-1750 cm.-^ for the acid monomers in carbon tetra¬ 
chloride. This is a larger shift than we have observed for most aldehydes 
and ketones in passing from carbon tetrachloride to methanol. With 
benzaldehyde, acetone and acetophenone e.g. the shift is only about 
10 cm.“^. It presumably indicates strong hydrogen-bonding to the solvent 
molecules. Unfortunately the C=0 bands in methanol were so broad 
that in most cases it was possible to determine their frequency only with 
an accuracy of ± 5 cm. Accordingly the measurements were repeated 
in carbon tetrachloride, where two bands are observed in the carbonyl 
region. Of these, one has been attributed by Davies and Sutherland * 
to monomers and the other to dimers. 0-05 mm. layers of 2 % methanol 
solutions and 0*5 cm. layers of 0*05 % carbon tetrachloride solutions were 
used. Table I summarises measurements on the acids. The velocity 
constants are those determined in ref. 4. The carbonyl frequencies were 
also plotted against Hammett's a factor.* By examining the effect of 
various substituents on a series of side-chain reactions of benzene 
derivatives such as esterifications of acids, hydrolyses, and benzoylations 
of amines, Hammett found it possible to assign to each substituent a 
a value which is defined by the equation : 

logio^ = logic ^0 + op 

where k is the rate constant of the substituted compound and k that for 
the unsubstituted compound, and p a constant of the reaction. The 
a factor therefore gives an overall measure of the effect of the substituent 
on a series of reactions. For example, a large o indicates that the sub¬ 
stituent in question markedly slows reactions, whereas a substituent 
with negative a has the reverse effect. 

TABLE I. —Data on Substituted Benzoic Acids. 


Substituent. 

Monomer C=0 
Fre<iuency in 
Methanol 

(cm.-»). 

Monomer 
Frequency 
in CCI4 
(cm.-i). 

Dimer C=0 
Frequency 
inCCI* 
(cm.->). 

OH 

Frequency 
in ecu 
(cm.-i). 

Velocity 

Constant 

X xo». 

a. 

/>— NO, 

l72o±3 

_ 

_ 

3541 

_ 

0-778 

w—NO, 

1723*3 

1750*1 

1705*1 

3548 

7*25 

0‘7io 

m —Cl 

1715*.') 

1746*2 

1701 ±1 

— 

12*4 

0*373 

p—Cl 

»7i3±5 

1746*2 

1699 ±I 

3551 

II-4 

0*227 

p —Br 

1710*5 

— 

— 

__ 

12*3 

0*232 

—H 

1705*5 

1743*2 

1696 ±I 

3551 

19*2 

0*0 

^-cn. 

1700*2 

1739*2 

1693*1 

3556 

19*7 

— 0*170 

/>— OCH, 

1^95 ±2 

1737*2 

1691 ±I 

35fio 

— 

—0*268 


1690^2 





—0*660 


It will be observed that there is a parallel trend in the rates, and the 
carbonyl frequencies and the hydroxyl frequencies. In Fig. i and 2 
the dimer C=^ frequencies (which were the most accurately measurable) 
are plotted respectively against the rates of esterification and a. Electron- 
attracting substituents, such as the nitro group, increase the carbonyl 
frequency, presumably strengthening the bond. It may be supposed 
that this results from pulling of the oxygen atom and the surrounding 
electrons closer to the carbon atom. The OH frequency on the contrary 
is lowered, and the bond probably weakened by electron-attracting 
substituents. All the acids showed, in carbon tetrachloride solution, a 
band at about 1450 cm.-^ which is probably connected with carbon- 
oxygen single bond. Shifts in its frequency were too small to be measured 

• Davies and Sutherland, /. Chem, Physics, 1938, 6, 755. 
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with certainty but seemed to be in the same direction as the OH frequencies. 
Thus the overall effect of an electron-attracting group is probably to 
strengthen the carbon-oxygen double bond and weaken the O—H and 
carbon-oxygen single bonds. The reason why this should slow the esterfii- 
cation is not clear, since the rate-determining step in this reaction is not 
known for certain. 
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(6 ) Anilines and Acid Chlorides. —The rates of benzoylation of 
substituted anilines by substituted benzoyl chlorides have been carefully 
determined.* The NH frequencies of a number of substituted anilines 
were measured, using 0*05 % solution in carbon tetrachloride, in a 3-3 cm. 
cell. In each case 2 N—H bands were observed, corresponding to the 


symmetrical 


and antisymmetrical 


( 

( 








) 

) 


stretching modes. 


The frequencies are shown in Table II, together with approximate N—^H 
force constants and inter-bond angles ( 20 ), calculated by Linnett's method, 

• Williams and Hinshelwood, J. Chem, Soc., 1934, 1079. 
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assuming that only the nitrogen and hydrogen atoms move during the 
vibration. 


TABLE II.— Data on Substituted Anilines, 


Substituent. 

Sym. 

Anti. 

NH Force 
Constant 

X 10». 

e. 

Rate of 
Benzoylation. 

a. 

/>— NO, 

3436 

3535 

6*729 

57° 29' 

0*0042 

1*27 

w—-NO, 

3420 

3510 

6-650 

56° 22' 

0*0444 

0*710 

CN 

3427 

3518 

6-679 

56° 28' 

— 

1*00 

/>— Cl 

3415 

3501 

6-623 

55° 52' 

1-63 

0*227 

— H 

3410 

3489 

6-591 

54“ 58' 

7*55 

0*0 


3405 

3487 

6-577 

55° 22' 

29*8 

—0*170 

p — OCH3 

3400 

3473 

6-541 

54° 12' 

— 

—0*268 

^-N(CH3), 

3398 

3464 

6*520 

53“ 18' 

— 

—0*205 


The frequencies are probably accurate to about i 2 cm.-^. 

The values of the angles should be regarded with caution in view of 
the general failure of spectroscopic methods to give angles very accurately. 
In Fig. 3 the force constants are plotted against a. With the exception 
of the p —NMca point, the points lie fairly close to a straight line. This 
exception is probably due in part to error in the a value, which is based 



Fig. 3. 

on comparatively little experimental data. It is clear that as the sub¬ 
stituent becomes more electron-attracting, the NH bonds are stren^hened, 
probably as a result of pulling the hydrogen atoms closer to the nitrogen 
atoms with development of positive charge on it, and the angle between 
them increases. The force-constant changes (like o) measure the sum 
of the inductive and electromeric effects. Thus /)-nitro produces a larger 
effect than m-nitro, presumably because in the />-case the inductive effect 
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is augmented by the electromeric effect involving resonance with the 
form: 

HN. = < > = NO. 

A complicating factor was encountered in investigating the acid 
chlorides. All those studied showed in dilute carbon tetrachloride solu¬ 
tion two bands in the C ==0 frequency region as shown in Table III, to¬ 
gether with rate of benzoylation of aniline and o. 


TABLE III. —Data on Substituted Benzoyl Chloride. 


Substituent. 

Band x 
(cm.~i). 

Strength. 

Band 2 
(cm.-i). 

Strength. 

Rate of 
Benzoyla¬ 
tion. 

a. 

/>-NO. 

1785 ±2 

weak 

1767 ±i 

strong 

38*1 

0-778 

m — NO, 

1784 ±2 

weak 

1764 ±i 

strong 


0*710 

/)— Cl 

i779±i 

medium 

1746^2 

medium 

10*4 

0*227 

—H 

i 778 ±i 

strong 

I744±2 

weak 

7*55 

0*00 


i777±i 

strong 

1748^2 

weak 

3*91 

—0*170 

P — OCH, 

1775 ±i 

strong 

1747±2 

medium 

— 

— 0*268 


The cause of the double band is not understood. It was thought 
that it might be caused by dimerisation by dipole interaction, but 
measurements on the effect of dilution on the relative intensities of the 
twc bands in />-nitro benzoyl chloride did not support this view. Fermi 
degeneracy is another possible cause. The trend in band i (but not in 
band 2) parallels the rate data. No definite conclusions can be drawn 
in this case but electron-attracting substituents again appear to shift 
the bands toward higher frequencies. 
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The driving force in this reaction is probably the tendency for the 
lone pair on the nitrogen atom to attach itself to the carbon atom of 
the —COCl group. An electron-attracting group draws electrons from 
the nitrogen atom in the anilines, making its lone pair less readily avail¬ 
able and slowing the reaction. Similarly it draws electrons from the 
—COCl group in the acid chlorides, stiffening the C =0 bond, and facilit¬ 
ating the reaction by increasing the positive charge in the vicinty of the 
carbon atom. 

(c) C =0 Frequency in Aldehydes and Ketones and Rates of 
Semicarbazone Formation. —The kinetic measurements were made in 
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aqueous alcohol.’ The C=rO frequencies could not, of course, be measured 
in this solvent owing to its intense absorption, but it was thought that 
measurements in carbon tetrachloride might be of interest, in view of 
the parallelism between carbonyl frequencies in methanol and carbon 
tetrachloride in the case of acids. Results are given in Fig. 4. Furfural 
also showed a shoulder at about 1685 cm.-^. The trends of velocity 
constant and frequency are again parallel, although in this case the 
structures differ widely. In this case strengthening of the C =0 bond 
increases the rate of reaction. Kinetic measurements have shown * 
that the rate-determining step in this reaction is, in the case of a ketone 
R,C= 0 , 

[R,C(OH)—CONHJ++A--^R,C(OH)—NH . NHCONH,+HA. 

It may be supposed that electron-attracting R groups which stiffen the 
C =0 bond also tend to remove electrons from the nitrogen atom, 
facilitating release of the proton. 

(d) Addition of HjS to Nitriles. —Kindler * has studied the addition 
of HjS to aromatic nitriles. 

X . C,H4 . CN + H*S X . C.H* . CS . NH^ 

in alkaline alcohol solution. The —CN frequencies in a series of such 
nitriles were measured, 2 % solutions in chloroform being used since this 
solvent readily dissolves all the nitriles used, and is spectroscopically 
suitable. The results are displayed in Fig. 5. As in other cases electron- 



Fig. 5. 


attracting groups increase the frequency presumably strengthening the 
bond. This stiffening probably results from a drawing of the nitrogen 
atoms and the surrounding electrons closer to the carbon atoms. 

As seen from the figures, there is in each of the cases studied a reason¬ 
ably close relationship between frequency shifts, reaction rates, and the 
a factor in the case of benzene derivatives. No attempts will be made 
to account for the precise shape of the curves obtained. The calculation 
of rates is so difficult even for the simplest reactions that it is doubtful 
whether any very detailed interpretation of the results is possible. It 
seems clear that empirical curves can be used in suitable cases to predict 
approximate reaction rates from characteristic frequencies. Such methods 
could for example, be applied in the reactions of benzene derivatives 
to poly-substituted derivatives for,which a values are not known. It is 

’ (a) Conant and Bartlett, /. Amer, Chem. Soc., 1932, 54, 2881 ; (^>1 West- 
heimer, ibid., 1934, 56, 1962. 

• Kindler, Annalen, 1926, 450, i. 
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likely that the effect of substituents on reactions of naphthalene, anthra- 
cene, etc., and heterocyclic systems could be predicted similarly by 
measuring frequency shifts in a suitable series of derivatives. Studies 
of the above kind might also throw light on reaction mechanisms in suit¬ 
able cases. This would, however, usually be difficult since in general 
rate-determining steps do not involve directly species on which measure¬ 
ments can be made. 

Since the a factor provides a measure of electronic shifts occurring 
in aromatic molecules, the observed correlations with a indicates that in 
suitable cases frequency shifts can be used as a means of detecting electronic 
shifts in molecules. It might therefore be possible, for example, in the 
case of carbonyl bonds, to correlate their infra-red frequencies with ultra¬ 
violet absorption maxima and ionisation potentials.® It seems that, 
provided due caution is exercised in not considering cases where the 
variations in structure are very large, the characteristic frequency of a 
bond can be used with some confidence in predicting variations in its 
properties. This might, for example, be useful in ring systems other 
than benzene, where the directions and magnitude of the shifts produced 
are less well understood. 

I am grateful to Dr. H. W. Thompson, Oxford University, and to 
various colleagues for helpful discussions. 

Summary. 

It is known that many atomic groupings give rise to characteristic frequencies 
in the infra-red spectral region, even when they occur in complex molecules. 
The variation of the 0 = 0 , NH, and CsN frequencies within series of structur¬ 
ally similar compounds has been investigated, and the shifts interpreted in terms 
of the reactivities and electronic natures of the bonds involved. A sufficient 
degree of correlation is observed between frequency shifts and reactivities to 
suggest the application of similar methods for the prediction of electronic structures 
and reaction rates in suitable cases from infra-red measurements. 
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•Walsh, Trans. Faraday Soc., 1945, 41, 498. 

Ingold et al., J. Chem. Soc., 1936, 934. 


THE MERCURY MENISCUS IN PRECISION 
MEASUREMENTS ON GASES. 

By R. Whytlaw-Gray and N. Teich. 

Received 10th November, 1947. 

In the measurements of the compressibilities of gases at pressures 
belotv I atmosphere, and indeed in many other gasometric operations in 
which mercury is used, the form of the mercury meniscus should be taken 
ipto account if results of high accuracy are to be attained. 

In manometry a varying capillary depression may introduce appreciable 
errors which only become negligible in wide tubes. In volumetric measure¬ 
ments where mercury is used in a dead space to define a constant gas- 
volume, errors may be caused by a variation in the volume of the meniscus 
itself and to reduce these, narrow tubing is desirable. Hence in com- 
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pressibility measurements, and also in the determination of the coefficients 
of expansion of gases, a compromise has to be made between the accurate 
measurement of pressure and of dead-space volume and the apparatus 
constructed of tubing of such a diameter that both errors are minimised. 

Probably many of the published values of the compressibilities of 
gases at low pressure are affected by this error, for few of the workers in 
this field record meniscus heights and they usually assume that capillary 
errors are avoided when pressure readings are made with a rising meniscus, 
and that this procedure also ensures constancy of volume in the dead 
space in successive settings of the mercury to the fixed point. As far 
back as 1905, Rayleigh ^ in discussing the results obtained in his work 
on The Compressibilities of Gases between One Atmosphere and Half an 
Atmosphere of Pressure, attributed the unexpected deviations he found 
to a variable contact between mercury and glass in the lower chamber 
of the first manometer " and later Porter * worked out the variation to 
be expected from this cause and showed that it would explain the dis¬ 
cordance. 

Guye ® and his co-workers, it is true, took account of the varying 
shape of the meniscus in estimating the dead space volume but they did 
not give details of what corrections they applied. 

Reuse and Otto ^ in more recent work, which is admirable in many 
respects, adjust the meniscus in the dead space by tapping, to a height 
of about 1-6 mm. and make a correction which they say is small for any 
departure from this height. The correction never exceeded 5 c. mm. 
They do not state the diameter of the tubing used for the dead space 
but if it was round about 14 mm. it is difficult to understand how the 
correction could be so small, 

Cragoe * in a recent review of the precision attained by various workers 
on high and low pressure compressibilities emphasised the relatively wide 
scatter of the points on low pressure PV-P isothermals when compared 
with high pressure results, and comes to the conclusion that these diverg¬ 
ences are most likely due to differences in meniscus heights. It is clear 
that in the past insufficient attention has been paid to meniscus errors 
when determining the low pressure isothcrmals of gases. 

Many workers in this field have used manometric tubes of about 14 mm. 
diam. In such tubes the height of the mercury meniscus can vary from 
I to 1*8 mm. From Palacios’s • figures the volumes corresponding to these 
meniscus heights are loi and 193 c. mm., a change in dead space volume 
of 92 c. mm. For the same difference in height the capillary depression 
would alter by 01 mm. 

This, of course, is an extreme case, for with careful setting it is always 
possible to ensure a much closer equality in height between the meniscus 
in the dead space and that in vacuo in the upper chamber of the manometer. 
If the setting can be made so that the meniscus height difference does not 
exceed o*i mm., the uncertainty in the dead-space volume can be reduced 
to II c. mm. and the capillary depression variation to o*oii mm. Actually 
it is difficult in practice to be sure of such a close equality and a better 
plan is to measure the heights of the two meniscuses each time the pressure 
is read after a point setting has been made. The appropriate correction 
can then be obtained from published tables of capillary depression and 
meniscus volume. The actual error involved in making a point setting 
is very small. A point can be set to a mercury surface to within ± 0 001 
mm. so that errors in dead space volume on account of inaccuracies in 

^ Rayleigh, Collected Papers (V), 1905, p. 230. 

* Porter. Phil. Mag., I 934 » > 7 * 5 ^ 7 - 

* Guye, Jacquerod and Scheuer, Mem. Soc. Phys. Hist. Nat. GerUve^ 1908, 
35» 81. 

* Reuse and Otto, Ann. Physik., 1930, 6, 778; 8, 1012. 

* Cragoe, /. Res. Nat. Bur. Stand., 1941. 495. 

® Palacios, Physik. Z., 1923, 24^ 151. 



776 PRECISION MEASUREMENTS ON GASES 

setting are insignificant compared with errors caused by volume changes 
in the meniscus itself. 

If then a dead space and manometer are constructed from 14 mm. 
diam. tubing and a practice is made of measuring meniscus heights, the 
error due to capillary depression need not exceed o*oi mm. in the pressure 
whilst that due to the meniscus volume may be as large as 11 c. mm. 

A precision of i o-oi mm. in the pressure reading is about the limit 
of accuracy that can be reached with a good cathetometer and scale, and 
at low pressures, say of 100 mm., would allow an overall accuracy of i 
part in 10,000 to be approached; for greater accuracy than this a multiple- 
point gauge of the Rayleigh type would have to be employed which would 
entail wider diameter tubing in order to avoid capillary errors. To reach 
the same accuracy in the volume measurement at a pressure of i atmo¬ 
sphere, where this error is the greatest, the total volume of dead space 
and volumeter must not be less than 100 cc. An initial volume much 
larger than this would involve cumbrous apparatus at low pressure and 
be difficult to deal with experimentally. From these considerations, it 
is evident that apart from other errors inherent in work of this type, 
those due to the behaviour of the mercury meniscus set a limit to the 
precision attainable when low pressure compressibility determinations are 
carried out in apparatus of the usual design. 

This estimate of the errors in volume and pressure presupposes 

(а) that the meniscus heights can be determined to within o-i mm. and 

(б) that these heights can be correlated accurately with meniscus volume 
and capillary depression. 

(а) In practice, it is difficult to be sure that the meniscus height measured 
in one direction with the cathetometer telescope is the true mean height; 
for even although the procedure of always reading with a rising meniscus 
is followed, irregularities in the line of contact between mercury and 
the walls of the tube are often noticeable. Further it has frequently 
been observed that in a cylindrical tube the line of contact may not be 
truly circular, the mercury rising more readily on one side of the tube 
than on the other. No doubt with carefully ground and polished surfaces 
these effects could be minimised, but even then the possibility of the 
presence of inhomogeneous films of gas or moisture would not be excluded. 
In our opinion, it is a matter of considerable difficulty to determine the 
mean height of a mercury meniscus with an accuracy much greater than 
o-i mm. 

(б) Given a specimen of pure mercury of known density and surface 
tension in a truly cylindrical tube free from internal surface irregularities, 
the capillary depression and meniscus volume can be calculated from the 
general theory of capillarity for any meniscus height and tube diameter. 
Unfortunately, the calculation of the shape of a meniscus in a cylindrical 
tube is a matter of considerable complexity. Laplace's differential equaton 
for the equilibrium meridian of a meniscus of axial symmetry has proved 
impossible of solution in terms of known functions. It can, however, be 
integrated by numerical methods. This was done some fifty years ago 
by Bashforth and Adams,® but their results when calculated for the case 
of mercury apply only to tubes varying in diameter from 1-5 to 11-5 mm. 
For tubes greater in diameter than 22 mm., Rayleigh • has worked out 
an expression which gives a close approximation and is more accurate 
the wider the tube. The intermediate region is, however, the most 
important for high precision gas work. This gap has been bridged by 
Porter^® who in a series of papers has shown how the three variables, 

^ Bakker, Kapillaritat und Oberfldchenspannung (Academische Verlags- 
gesellschaft. M.B.H. Leipzig 1928). 

• Bashforth and Adams, Capillary Action (Camb. Univ. Press, 1883). 

• Rayleigh, Proc, Roy. Soc. A, 92, 184; Collected Papers, (VI), p. 350. 

‘® Porter, Phil. Mag. 1934, * 7 » 5*^1 ibid., 1932, 14, 694; Trans. Faraday 
Soc., I 933 » 702 ; 1307. 
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capillary depression, meniscus volume and meniscus height can be deter¬ 
mined by means of a relatively simple graphic interpolation. Quite 
recently, Blaisdell in an elaborate computation has extended the results 
of numerical integration into the region in use in precise manometry and 
has published tables in a form easily applicable to practical experiment. 
His results when calculated for mercury apply to tube diameters varying 
from 11-5 to 23*6 mm. and hence cover many cases likely to arise in prac¬ 
tice. Moreover, as he points out, his figures are of a greater accuracy 
than any hitherto published in this field. Both Porter‘s and Blaisdell's 
tables are in general form and apply to any liquid. To apply them to 
mercury meniscuses, they have to be transformed by means of the capillary 

constant for mercury which Porter defines as whilst 

2 a 

Blaisdell uses a* — -r-;;-rr- BlaisdelFs conversion factor is hence 

g(p^ - pM 

V2 titles that of Porter’s. The capillary constant or a* then involves 
the surface tension a , the gravitational constant g, and the difference in 
density (p^ — p^) between mercury and the gas with which it is in contact. 
Unfortunately, there is a considerable variation in the published values 
for the surface tension, slight contamination seems to have a very marked 
effect, organic vapours and adsorbed gaseous films no doubt change the 
surface tension and hence the meniscus height and volume, so that unless 
the capillary constant is determined for the particular sample of mecury 
in use in a given apparatus, correction values calculated from theory may 
not be of the expected accuracy. 

It might be thought that direct experiment would furnish more reliable 
data than theory on the relationship between meniscus height and meniscus 
volume, but such investigations have not been numerous. For meniscus 
volumes, the work of Scheele and Reuse and of Palacios,* using different 
methods, are the most extensive and cover tube diameters ranging from 
10 to 23 mm. The two sets of results differ somewhat from each other and 
exhibit a systematic divergence of about 3 %. As Blaisdell points out 
the values for wide tubes in the International Critical Tables arc compiled 
from the average values of these two series giving data “ which are not 
smooth to the desired accuracy”. Further, it should be noted that in 
both investigations the mercury meniscus was formed at the smooth orifice 
and not in the interior of cylindrical tubes. Moreover, Palacios used a 
steel cylinder and formed the meniscus at the periphery of steel rings of 
various sizes, so that both series of measurements were carried out under 
conditions differing somewhat from those which obtain in manometric 
practice. The only measurements of meniscus made directly in glass 
tubes are those publi.shcd by Kcesom, van der Horst and Taconis and 
more recently by J. Kistemaker, who measured the silhouette of the 
meniscus by an X-ray shadow-graph method and so were able to compute 
its average height and volume directly in situ. Their results agree fairly 
well with those of Scheele and Reuse. 

Systematic experimental measurements of capillary depression are 
also not numerous and for the purposes of manometry are restricted to 
those of Cawood and Patterson and the earlier results of Reuse. 
Cawood and Patterson in a comprehensive investigation measured the 
depression in soda-glass tubes ranging in diameter from 10 to 19 mm. 
A discussion of earlier work is given in their paper. They were th^ first 
to point out the importance of refraction errors in measuring meniscus 
heights and to show how they can be minimised. Their tables furnish 
results obtained under laboratory conditions which are of great value. 

Blaisdell, J. Math. Physic, 1940, 19, 186. 

Scheele and Reuse, Ann. Physik., 1910, 33, 291. 

Cawood and Patterson, Trans. Faraday Soc., 1933, 39, 514, 

Reuse, Z. Instr., 1927, 47, 324. 
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The foregoing review of the data available in the literature for the 
correction of dead space volume with changing meniscus height shows 
that apart from theoretical calculations, the values of Keesom and his 
collaborators are the most directly applicable to practical manometric 
measurements. It seemed, however, desirable to make some experiments 
in actual dead spaces. Some years ago,^® a differential apparatus was 
designed and constructed for the measurement of the compressibilities 
of gases in terms of the standard gas (oxygen), and results were obtained 
with it for hydrogen and silane, but although the individual values ex¬ 
hibited an agreement at least as good as any obtained previously the 
accuracy hoped for (a few parts in 100,000) was not reached. This was 
attributed (a) to a want of rigidity in the design of the apparatus, and 
(b) to uncertainty in the dead-space volumes on account of meniscus 
variation. Before this apparatus was set up, the two dead spaces were 
calibrated in the usual way and the procedure followed of measuring the 
meniscus height at each point setting. The correlation so obtained be¬ 
tween dead space volume and meniscus height was not as close as had 
been expected, the j^oints on i:)lotting showing a divergence in the extreme 
of lo c. mm. for the same meniscus height. Further the range of height 
was small varying from 1-38 to 1-63 mm. Since the setting-up of a more 
elaborate apparatus was planned, it was decided to carry out a preliminary 
investigation with a clo.se attention to detail using fresh dead spaces. 

Experimental. 

In the attempt to reach a satisfactory correlation between dead space volume 
and meniscus height, three separate sets of experiments have been made : (1), 
(2) and (3). In (i), a dead space of I^rex glass of conventional design, carrying 
a sealed-in glass point and provided with a capillary glass stopcock was used. 
This is shown in Fig. i. 



Fig. I. Fig. 2. 


' The height of the mercury meniscus was measured by means of a .short focus 
telescope and micrometer reading to o*ooi mm. and special cafe was taken to 
illuminate the meniscus itself and its line of contact with the glass so as to 
obtain a true estimate of its height. Care was taken to subject the mercury to a 

Keesom, van der Horst, and Taconis, Commun. Kamierlingh Onnes. Lab. 
Univ. Leiden, 1937, 248a. Kistemaker, Physica, 1945. 9 - 

Addingley and Whytlaw-Gray, Trans. Faraday Soc., 1928, 24, 378. 
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very stringent purification and to clean and diy the interior glass surfaces. Dry 
air only was allowed to come in contact with the mercury in the experimental 
tube. The final setting of the mercury to the point in the dead space was made 
by means of the glass rod G which moved on a fine rackwork and raised the level 
of the mercury in B by small amounts. 

The results are set out in Table I in which k is the meniscus height in mm. 
and V is the volume of the mercury in cc. in the tube from the glass point to the 
mark C. 


TABLE I.— Diameter of Tube ™ 22*13 mm. 


h = 1*25 

1*28 

1*40 

1*43 

1*46 

1*50 

V = 20*2190 

20*2041 

20*2164 

26*2014 

26*1896 

26*1890 

h = 1*52 

1-5(1 

1*05 

1*68 

1*68 

1*93 

V ^ 26*1989 

26-1910 

26*1727 

26*1622 

26*1878 

26*1462 


It will be noticed that the range in meniscus heights in these experiments 
is small. It was not found possible to obtain lower or higher menisciises which 
were stable enough to allow of measurement. According to Porter's tables, 
these heights correspond approximately to contact angles varying from 30° to 


On plotting meniscus heights again.st the volume of the mercury in the tube, 
the points are seen to be rather widely .scattered, and it is impossible to tell 
whether the graph is strictly linear or has a slight curvature. As.suming linearity, 
the most probable .straight line w’as calculated by the method of least squares 
giving the equation, V — 26*3474 — 0*1015/1, where V is the volume of mercury 
in the tube in cc. for a mcni.scus height of h mm. and Fq = 26*3474, the volume 
when the meniscus is flat and h — o. 

A comparison of the values for the volumes of the tube from the point in 
the dead space to mark C on the capillary above the tap for different heights 
calculated in this way, with the actual experimental figures shows at once that 
the accuracy desired has not been reached and that the probable error of any 
one point is rh 7 c. mm. The values are little better than those obtained by 
Addingley and Whytlaw-Gray mentioned above.They emphasise the diffi¬ 
culty of estimating the true volume of the meniscus by measuring its height in a 
cylindrical tube under the usual working conditions. 

Since these deviations are far greater than any experimental error, either in 
.setting the mercury to the point or in weighing, the mercury, tliey can only be 
due to a variable line of contact between the mercury and the walls of the con¬ 
taining tube. If each time the mercury meniscus is ^et to the point the contact 
line is irregular or wavy or differs from a true circle by varying amounts, the 
meniscuses wdll be unsymmetrical and the apparent height will depend on the 
horizontal angle from which they are viewed. Direct measurement of the ap¬ 
parent height of the same meniscus from different angles in the same horizontal 
plane supports this explanation. In the many measurements of this kind that 
we have made, we have frequently observed differences in height amounting in 
some cases to as much as several tenths of a millimeter. 


Especially is this noticeable when the mercury surface before measurement 
has been agitated or the tube tapped, a procedure adopted by some workers, 
which whil.st ensuring that the meniscus assumes a more stable configuration, 
usually alters its symmetrical form and so renders the meniscus volume deduced 
from measured height of doubtful accuracy. 

(2) In order to test this conclusion more stringently, another dead space 
was set up, the first one having been broken, and the greatest care was taken 
[a) to obtain symmetrical meniscu.ses, {b) to get reliable values for the mean height 
by measuring each meniscus in tw’o directions at right angles to each other in 
the same horizontal plane. This was done by means of two short fo^us tele¬ 
scopes placed at right angles to each other and in the same horizontal plane 
as the fixed point. 

The dead space tube, unlike the first one which was entirely of glass, con¬ 
sisted of a cylindrical tube, one end of which was sealed on to a capillaiy'^ as 
before, but the other end was ground down and cemented into a steel block which 
carried a carefully sharpened steel point similar to that .shown in Fig. 2. The 
advantage of this was that it allowed a more accurate centering of the point 
and that it obviated electrification effects which with glass points are liable 
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to disturb the settings. The same rigid precautions were taken as before to 
ensure clean glass surfaces and pure mercury. The experimental figures are 
shown in Table II, where h is the arithmetic mean of the meniscus heights 
measured in two directions at right angles. 

TABLE II.— ^Volume of Mercury in Tube from Point to Mark. 

Tube diameter = 21*36 mm. 


h Mean, (mm.) 

Volume Exp. (cc.) 

Volume Calc, (cc.) 

Volume Exp. — Vol. Calc. 

I*i6 

4-3C>36 

4-3674 

— 0*0038 

1*19 

4*3663 

4-3646 

-{-0*0017 

1*19 

4-3672 

4-3636 

-f‘0*0026 

1*33 

4-358.'5 

4*35^3 

4-0*0075 

1*57 

4*3330 

4-3286 

4-0*0044 

1*66 

4*3187 

4*3201 

— 0*0014 

1*69 

4*3M8 

4*3173 

— 0*0025 

1*70 

4*3130 

4 * 3 t 63 

-0*0033 

1*72 

4*3138 

4*3144 

— 0*0006 

1-75 

4*3110 

4*3116 . 

— 0*0006 

1*80 

4*3033 

4*3069 

— 0*0036 • 

1*82 

4*3081 

4*3050 

4-0*0031 

1*86 

4*3090 

4*3012 

4-0*0078 

1-87 

4*3086 

4*3002 

-{-0*0084 


V =- 4*4772 — 0*09465^. 


Of these measurements, two differed by o*ii mm., two by 0*07 and 0*09 mm., 
and the remaining 8 showed a variation of 0*05 mm. and less. It was clear 
that in spite of all precautions, the meniscuses were not perfectly symmetrical. 
As before, the points were averaged linearly by the least mean squares method 
and gave the equation, V — 4*4772 — 0*09465^, in which V is the volume of 
the mercury in cc. in the dead space tube for a meniscus of h mm. in height. 

On comparing the calculated with the experimental volumes, the extreme 
variation is seen to be 12 c. mm, and the probable error of a single observation 
± 3 c. mm. It is clear that for work of the precision required the errors are 
still too great. 

Although, because of the difficulty of obtaining really symmetrical meniscuses 
in a cylindrical tube these results can make no claim to high accuracy, it is of 
some interest to compare them with the results obtained by Keesom and his 
co-workers by means of the X-ray shadowgraph procedure, the only experi¬ 
mental method published hitherto in which the measurements of meniscus were 
made in the interior of cylindrical tubes and which permitted the average height 
to be computed accurately. To do this, the meniscus co-volume was calculate 
from our least mean square line, i.e. Vq ~ V ~ 0*09465/^ and subtracted from 
the volume of a cylinder of the same height giving for the meniscus volume, 
M — h(‘nr^ — 0*09465), or M ~ 'z^yyh c. mm. 

From Keesom's results, the meniscus volumes for a tube of the same diameter 
as used here were obtained by interpolation. Further, for comparison are ap¬ 
pended results (Table Ill) calculated theoretically from Blaisdell’s tables assuming 
or = 459 dynes/cm.* for the surface tension of mercury. 

From the table three points of interest emerge, (i) The satisfactory agree¬ 
ment between Kee.som's experimental values and those in column 4 calculated 
from theory. Both sets of values over the range tabulated show nearly the 
same slope and nearly the same slight curvature towards the height axis. Our 
results for the lower meniscus heights differ appreciably because, on account of 
the wide scatter of the experimental points, only a linear extrapolation seemed 
justified when calculating the volume of tube for zero meniscus height. (2) For 
a tube of this diameter, the change in meniscus volume for a change in meniscus 
height of 0*1 mm. is about 27 c. mm,, so that even if the mean height of the 
meniscus in a dead space could be measured to within o*oi mm., the uncertainty 
in dead-space volume would not be less than 2 c. mm. (3) In spite of the agree¬ 
ment between the values in columns 3 and 4, there is an uncertainty of a few c. mm. 
for the volumes at large meniscus heights. 
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Although from these examples it is evident that the direct measurement of 
meniscus heights in tubes of a diameter suitable for accurate manometry does 
not allow the meniscus volume to be deduced with the accuracy desirable in 
high precision compressibility determinations, one further set of experiments 
may be quoted here. 

It was thought that if a conical dead space with a vertex angle of 100® was 
used, the mercury would meet the walls at an angle close to the contact angle 
and that the variations in meniscus volume might be considerably reduced. 
Accordingly such a dead space was constructed, the two sides making an angle 
of 40® with the horizontal. Further, in order to eliminate the rather tedious 
operation of emptying the dead space and weighing the mercury after each 
setting, a pipette was made to have nearly the same volume as the dead space 
from the point to a mark on the capillary above. The pipette communicated 
with the dead space through a tap and capillary tubing which had been calibrated, 
and the position of the mercury in the capillary after filling the dead space from 
the pipette, gauged its volume with some accuracy. The arrangement is shown 
in Fig. 2 where A is the conical dead space, set in a steel block carrying a fine 
point. B is the pipette calibrated between the marks C and D. The capillary 
above and below the marks was also calibrated. Before the point .setting was 
made, the pipette was filled with mercury to mark C, tap H being closed. Tap F 

TABLE ITT.—Meniscus Volumes in a Tube of 
21-36 MM. Internal Diam. 


Meniscus Height 
(ntni.). 

Meniscus volume 
(c.mm). 

R. W.-G. and 
N.T. 

Keesom. 

BlaisdeU. 

(a « 459 
dyne/cm.*). 

1-2 

316 

307 

30b 

1-3 

343 

334 

332 

1*4 

369 

361 

359 

1*5 

39(> 

389 

386 

1-6 

422 

416 

414 

1-7 

448 

445 

442 

1-8 

475 

473 

470 

1*9 

501 

502 

499 

2-0 1 

5^7 

531 j 

527 


was then closed, H opened and the mercury set to the point in the usual way. 
Tap G was then closed and the mercury from the pipette allowed to flow into 
the dead space by opening tap F and adjusted exactly to mark K using,* if neces¬ 
sary, a sligiit air pressure, this was done the position of the mercury in 

the capillary below D was an exact measure of the dead-space volume. This 
arrangement worked very satisfactorily and the volume could easily be measured 
to less than i c. mm. 

It was found, however, that even with very careful point settings and an 
apparently flat meniscus, the volurre variation was considerable. After a 
preliminary set of readings had been made and the apparatus thoroughly tested 
out, the following values were obtained in 11 successive settings for tlie dead 
space volume : 6-4011, 6-3911, 6-3851, 6-3966, 6-3748, 6-3852, 6-4152, 6-4157, 
6-4128, 6-3911 and 6*4239 cc. The extreme variation is 49 c. mm. and the vari¬ 
ation on either side of the mean is 26 above and 23 c. mm. below. The diameter 
of the mercury, surface when set to the point was close on 40 mm. Now Porter’s 
tables show that the variation in meniscus volume to be expected in a tube of 
37 mm. diam. for a change in meniscus height of o-i mm. is about 90 c. mm. 
whilst the capillary depression change is less than 0-0002 mm. The only ad¬ 
vantage of the conical dead space would appear to be that the mercury around 
the edge is near its position of maximum stability and hence the variation in 
height which can occur is small. Nevertheless as these experiments clearly 
indicate, small variations in height do take place due no doubt to the peculiar 
clinging effect of mercury when moving over a glass surface. Hence the use 



PRECISION MEASUREMENTS ON GASES 


782 

of a wide diameter coni^cal dead space does not sufficiently reduce the meniscus 
volume error, although it renders insignificant the error due to capillary 
depression. 

Clearly, then, to reduce both errors to negligible proportions, it is only neces¬ 
sary to construct the apparatus of wide diameter tubing and measure directly 
the actual dead-space volume each time after setting the mercury to the point. 
This can readily be accomplished by using in the compressibility apparatus a 
slight modification of the pipette system just described. This modification of 
the usual type of compressibility apparatus is shown in Fig. 3, where A is the 
dead space, B the pipette, and C the upper chanber of the manometer. 

The pipette is first filled with mercury from the reservoir J through stopcocks 
G and F, the .stopcocks H and K remaining closed. On closing F and opening 
H and K, the mercury can be set to the point in the usual way. When equilibrium 
has been reached and a permanent .setting achieved, K and G are gently closed, 
F opened and the mercury in the pipette transferred to the dead space and set 

to the mark M. From the position of the 
mercury in the calibrated capillary below the 
pipette, the exact volume of the dead space can 
be found. 

The pipette w^as adjusted beforehand so that 
its volume was slightly less than the smallest 
dead-space volume likely to be met with, so as 
to ensure that the reading after filling the dead 
space w'as always in the calibrated capillary. 
Another degree of freedom in adjustment can 
be provided by calibrating the capillary above 
the dead space. A convenient size for the 
capillary is a little over 1 mm. bore so that 
1 mm. length corresponds to about i c. mm. 
For wide-diameter dead spaces in which the 
meni.scus volume variation is large, the bore of 
the capillary can be increased and the position 
of the mercury read with a telescope. 

The differential compressibility apparatus, 
mentioned earlier in this paper, has been con¬ 
structed on the above plan, and a preliminary 
series of results has been obtained with it in 
which the mean deviation is 2 parts in t 00,000. 
A full description of this apparatus will be pub¬ 
lished shortly. 

This .system by eliminating dead space errors 
allows the use of wide diameter tubing in the 
manometer and thus reduces capillary depres- 
.sion errors to a minimum. If the tubing is 
Pig, 3. wide enough, it should be unnecessary to 

measure the meniscus height every time a 
pressure measurement is made. Thus, whilst in a tube of i/^ mm. diam. the 
capillary depression may vary by o*i mm. for a change in meniscus height of 
0*8 mm., the variation in a tube of diameter 37 mm. for the same height-change 
is only about 0*003 mm. 

In order to take advantage of the greater accuracy in the dead-.space volume 
entailed by this method, it is necessary to measure the pressure with correspond¬ 
ing precision. As has been indicated earlier in this paper,, a multi-point gauge 
of the Rayleigh type is probably the be.st suited to achieve this. Such a point 
system was used first by Burt and Howarth in their work on the compressi¬ 
bility of acetylene and an arrangement similar to the one they used, only 
constructed of tubing of diameter not less than 35 mm.^® and provided with a 
pipette for the measurement of dead-space volume, would probably permit the 
measurement of low pressure compressibilities with an accuracy of a few parts 
in 100,000. 

» It should be remarked that the use of the pipette system with large diameter 
dead spaces necessitates a very rigid temperature control, for a larger fraction 
t)f the gas than usual is outside the volumeter. Although Howarth and Burt 
were working with a small dead space, their arrangement of surrounding volu¬ 
meter, dead space, and manometer column with melting ice achieves this for 

Howorth and Burt, Trans. Faraday Soc., 1925, 30, i. 

1® Stulla-Gotz, Physik. Z., 1934, 4^4. 
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0° c. A similar arrangement of having the whole apparatus in the same thermo¬ 
stat bath could be used for other temperatures. With the pipette, stopcocks 
protected from the action of water, and designed to be operated from outside, 
the bath would have to be used. 

One of the authors (R. W.-G.) wishes to express his thanks to the 
Leverhulme Trustees for a grant from their Research Fund w'hich enabled 
him to devote his time to the work. 

Summary. 

The variations in meniscus volume and in capillary depression in low pressure 
compressibility measurements are discussed and it is shown that very appreciable 
errors in high precision work are likely to arise unless these are taken into account. 

Experiments are described in which the attempt was made to obtain an 
accurate correlation between meniscus height and meniscus volume in cylindrical 
tubes of sufficiently wide diameter to reduce the capillary depression errors to 
small values. In none of the three sets of experiments was the required accuracy 
attained. Recourse was made finally to a direct measurement of dead-space 
volume by means of a mercury pipette after each pressure reading. This device 
called the “ dead-space pipette " enables dead-space volumes to be determined 
accurately and permits the use of manometric columns of such a diameter that 
capillary depression errors are negligible. 

Chemistry Department, 

The University, 

Leeds. 


A NEW CAUSE OF LOW-INTENSITY 
RECIPROCITY FAILURE.* 

By W. F. Berg. 

Received 24/A November, 1947. 

The inefficiency of formation of the latent-image silver speck in its 
first stages of growth has been recognised to cause reciprocity failure 
at low intensities ; once the first or sub-image stage has been overcome, 
the photolytic disintegration of silver halide by light appears to proceed 
at full efficiency.^- * If this be accepted, a second possible cause of 
low-intensity reciprocity failure will be at once apparent. Imagine a 
photographic grain on which a latent-image silver speck has been pro¬ 
duced fairly early in the course of the exposure under consideration, or 
one which carries a “ log speck before the exposure began. An addi¬ 
tional atom of silver will be produced for every quantum of light absorbed 
by the grain and a corresponding number of bromine atoms will be released. 
At low intensities a grain such as this may be very considerably “ over¬ 
exposed before an appreciable number of other grains produce a latent 
image speck ; this grain during exposure constitutes a source of bromine. 
The bromine spreads to the neighbouring grains and destroys their sensi¬ 
tivity by attacking either the sensitivity specks, or recently formed, and 
therefore small, latent-image specks. After some time all the grains in 
the area being exposed will be completely desensitised. Only th(»e grains 

* Communication No. 1163H from the Kodak Research Laboratories, Harrow, 
Middlesex. 

^.Weinland, J. Opt. Soc. Amer., 1927, 15, 337 ; 1928, 16, 295. 

* Webb and Evans, Photogr. /., 1940, 80, 88. 

® Berg, Trans. Faraday Soc., 1943, 39, 115. 

* Burton and Berg, Photogr. J., 1946, 86 B, i. 
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which still carry a latent-image speck will develop ; thus the maximum 
density is cut down and further exposure will not increase it. The purpose 
of this note is to present the evidence for the new cause of low-intensity 
reciprocity failure which the bromine effect visualised represents. 

Experimental. 

Apparatus. —The apparatus used was designed for the investigation of reci¬ 
procity failure at intensities so low that a full exposure would take several days. 
The source of light is a piece of flashed opal glass, 0*05 in. diam., illuminated 
at a distance of 4 in. by a 100 w., 100 v. projector bulb, under-run at about half 
the normal voltage. The opal glass is situated at one end of a square-sectioned 
light-tight box, viz. a piece of air duct, 12 ft. long, which carries at its other end, 
the holder for the material to be ex'posed. The carrier for the sensitive material 
consists of 4 quarter-plate printing frames arranged in a square. A photographic 
density step wedge is placed in each frame, thus providing for an intensity scale 
of exposures in one direction. A pair of sliding shutters moves in the other 
direction at right-angles to the steps of the wedges, so that a time-scale of ex¬ 
posures can be given along each step of the wedges. The shutter consists of 
J-in.-thick sheets of Tufnol running in grooves and can be moved simultaneously 
from outside by means of an arrangement of wheels and cord of the type used 
to move curtains as illustrated in Fig. i. The carrier for the sensitive material. 



Fig. I. —Diagrammatic lay-out of shutter and holder for the .sensitive material. 
Cj, C,, Ca and C4 are four printing-frames, with photographic density step- 
wedge in each. The steps are indicated by dotted lines. S, and S g are the two 
shutters which move simultaneously inward or outward by moving the cord. 
The whole mechanism is enclosed in a light-tight box, with only the hand- 
wheel H in the open. H is shaped as a click wheel, Sp being a fiat spring. 

and the back portion of the duct are sealed by a piece of glass to form a com¬ 
partment separate from the rest of the apparatus, and can be kept at constant 
temperature by means of concealed electric heaters, a thermostat and a fan. 
A mercury-in-steel thermograph provides a continuous temperature record. 

Exposure times were controlled by withdrawing the shutters from the material 
under test, and were generally arranged to give a geometric series. Thus a long 
exposure would be given first, the neighbouring area being uncovered after 
some days, the exposure being continued in both areas, etc. The reason for 
this uncovering " method was that it ensures all exposures to finish at the 
same moment; the “ covering " method, however, in which the shutters move 
in the opposite direction, was ahso used occasionally. 

On materials exposed by the uncovering method and processed in a normal 
way (4 min. in Elon hydroquinone developer, Kodak formula D. 16), bands 
of reduced density occurred along the edges of the more heavily exposed areas 
adjacent to areas which had been exposed previously for a longer time. Fig. 2 
gives a reproduction of an exposed and processed film showing this effect. 
These white bands were first thought to be brought about by stray or infra-red 
light produced by the heaters, but were eventually traced down to processes 
occurring in the emulsion. The experiments to be described were all designed 
to ascertain the naturd of these processes. 
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Fig. 2.—Kfj^roduction of whito-band effect. 

{To face page 7S4. 
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(i) The white bands are due to a desensitisation. A piece of a slow, 
orthochromatic, line film (A) which exhibited the white band effect strongly, 
was exposed in the sensitometer through the step wedge for 7 days, the shutters 
being wide open. A second exposure was then applied in a time-scale sensito¬ 
meter, the steps being at right-angles to the low-intensity scale steps. The 
times of the second exposure ranged from 1/300 sec. upwards, successive steps 
being in the ratio i : V2. As a control, the order of the exposures was reversed 
for another piece of film. Fig. 3 shows some of the results, the density on pro¬ 
cessing in D. 16 for 4 min. at 68° f. in a dish being plotted against the logarithm 
of the intensity of the long-duration exposure. The different curves refer to 
different times of the short exposure. It will be seen that a long-duration first 
exposure desensitises the material towards the second exposure, whereas a long- 
duration second exposure builds up the density produced by a brief first exposure, 
an effect now well known as latent image intensification,®* ® which need not 
be discussed here. 



Fig. 3. —The density is plotted against the logarithm of the intensity-scale 
exposure of long duration, which is either preceded (dotted curves) or 
followed {solid curves) by uniform short exposures. These latter produce on 
their own uniform densities marked and D,. Material used : line film A. 

(2) The white bands are not related to solarisation. This is already 
clear from the fact that the bands are produced by an effect which occurs in 
an area before it is actually exposed. It may be objected that light must diffuse 
from an area being exposed into the area still covered by the shutter. In order 
to see whether this light had any action on a latent image, exposures were made 
by running the shutter in the opposite direction, i.e. by the covering method. 
No white bands were ever obtained under these conditions. 

(3) The white bands are not due to changes in latent-image dis¬ 
tribution. Experiments were made using our “ surface developer,” • i.e. a 
developer which contains no silver halide solvents, and thus only reacts to latent- 
image specks situated on the surfaces of the grains. D. 16 was also tried for a 
wide range of developing times to see whether the w^hite bands were perhaps 
caused by covering the silver bromide latent-image specks on the grain surfaces. 
Finally, tests were carried out using the method for developing the internal 
image only, in which the latent image specks on the surface of the grains are 
first bleached away, and the internal-image specks are then developed in a solution 
containing a silver halide solvent. It was found that the white bands aj)peared 
under all conditions of development, apparently equally strongly. 

(4) The white bands depend on the condition of the emulsion. The 
fact that the occurrence of wliite bands depends on the emulsion was first real¬ 
ised when different materials were found to differ considerably in their propensity 
to produce white bands. This may apply even to different batches of the same 
material. Of several batches of the same high-contrast line film, and also of a 

‘Moore, Photogr. /., 1941, 8 i» 27* 

• Berg, Marriage and Stevens, ibid,, 1941. 4 I 3 * 

27 * 
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process film, some exhibited pronounced white bands and had a low maximum 
density and intensity-scale contrast, while others showed hardly any white bands 
on exposures of 7 days and a high maximum density and contrast. Fig. 4 
shows the intensity-scale curves for two of these materials for exposure times 
of 7 days and 0*05 sec. These differences appeared to contain the clue to the 
explanation of the white-band effect and were thus studied in greater detail. 
In particular, attempts were made to impart the characteristics of one emulsion 
to the other by bathing treatments. 



Fig. 4.—D-log curves on two batches of the same material, for exposure 
times of 0*5 sec. and 7 days. Note that the absolute values of the scales 
for the 0*5 sec.-exposure arc not comparable with those of the 7-day exposures. 
A and B refer to the two batches of the line film. 

(5) The white bands are due to bromine. It is obvious that the bands 
are due to something which diffuses from exposed to adjacent areas : this can 
hardly be anything but bromine. Further evidence is necessarily of an indirect 
nature. The bathing treatment designed to investigate the nature of the 
diffusing agent was carried out on the two batches of high-contrast line film 
mentioned and on a medium contrast process film. 

All the baths used contained Teepol, a commercial wetting agent which 
is a mixture of sodium salts of long-chain alkyl sulphates of different lengths. 
It was necessary to use such an agent in order to achieve even wetting of the 
film ; without the presence of a wetting agent the results were very uneven. 
The other constituents of the various baths were either halogen acceptors in 
order to neutralise at once any bromine released, or potassium bromide in various 
concentrations, since washing in water will clearly remove some of the surplus 
bromide ions present in all emulsions. The baths consisted of : (a) Teepol 5 cc. 
water (dist.) 1000 cc. ; {h) Teepol 5 cc., NaNOj 0*5 g., water (dist.) 1000 cc. 
(c)i Teepol 5 cc., KBr 1-5 g., water (dist.) 1000 cc. ; {0)2 as (f)i with KBr 0*3 g. . 
( 4 3 as (c)i with KBr o*o6 g. ; {d) Teepol 5 cc., KBr 1*5 g., NaNOg 0*5 g., water 
(dist.) 1000 cc. 

The film was immersed in the bath for 2 min. after which the solution was 
allowed to run off and the film w^as dried. Sheets of film, 4^ by 6J in., w^ere treated 
and cut down to 3i by 4J in. before use. 


Bath. 

Line Film A. 

Line Film B. 

Process Film. 

Untreated . 

strong bands 

no bands 

strong bands 

(«) H.O . 

(b) NaNO,. 

bands almost gone 
no bands 

no bands 

bands almost gone 
no bands 

(c)i KBr 1-5 g./l. 

(c), KBr 0-3 g./I. 

(c) , KBr o-o6 g./l. 

(d) KBr + NaNO, . 

strong bands 
weak bands 
very w^eak bands 
no bands 

no bands 
no bands 
no bands 

strong bands 


The, results obtained are summarised in the table, and are of some interest 
outside the scope of this investigation. 
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The addition of a halogen acceptor causes the white-band effect to disappear. 
Washing with water had almost the same effect. This was thought to be due 
to the washing out of bromide ions from the emulsion, an explanation which 
was thought to be very likely when it was found that adding bromide ions to 
the wash water caused the white bands to remain and the contrast and maximum 
density to drop. Fig. 5 shows characteristic curves (Z>-log J) for an exposure 
time of 18 hr. for the line film A treated with various concentrations of KBr, 
corresponding to baths, (c)^, (c), and 



Fig. 5.—D-log curves for / = 18 hr. and various bromide ion concentrations. 

Material used : line film A. 

It is interesting to speculate as to the possible effect which the bromide ion 
concentration may have on the case with which bromine atoms or molecules are 
bound by the medium surrounding the grains. There seem to be two possible 
explanations. The behaviour of gelatine towards bromine may alter with the 
bromide ion concentration, and the equilibrium of the reaction of bromine with 
water may also be affected, thus : 

Brg + HgO HOBr + HBr 

11 

H+ + Br- 

The presence of bromide ion will shift the equilibrium towards the bromine 
side, and the bromine will thus be forced to diffuse and attack sensitivity specks 
farther away from its source of origin, thus causing the desensitisation observed. 

The finding that the line film B did not show the white bands was, at first, 
thought to be connected with the bromide ion concentration in the manufacturing 
process. Treating the film with different concentrations of bromide ions did 
not, however, affect its characteristics ; we conclude that there must be an 
efficient, insoluble, bromine acceptor already present in the emulsion. Pre¬ 
sumably the differences between different emulsions are due to differences in 
the gelatine used. 

(6) The desensitising effect is largely reversible. Expt. (ij was 
modified by the insertion of a bathing treatment in NaNO^ solution (bath b) 
between the first long-duration and the second short-duration exposure, using 
the line film A and the process film: Some of the results for the process film are 
shown in Fig. 6 for the untreated (6a), and the nitrited material (66), as plots 
of density against exposure time of the second exposure. It is clear that most 
of the desensitisation caused by the first exposure is removed by the nitrite 
treatment. It would be interesting to know whether the treatment has removed 
the desensitisation altogether. In (66), most of the pre-exposed curves Iwfc above 
the control, but they are not exactly parallel to it as they would be if the two 
exposures were strictly additive. I.-et us assume that, as the result of the first 
exposure, after nitriting treatment, we have some grains carrying a latent- 
image speck, the other grains not being affected in any way. The first exposure 
has probably used up the most sensitive grains, and we would therefore expect 
to find the control and the prc-exposed curves to come together at the higher 
densities. This is what we find in (66), except for a cross-over at the high den¬ 
sities of curves o and i, which is within the experimental errors. Most of the 
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desensitisation caused by the long exposure is therefore removed by the batMng 
treatment; whether any small permanent desensitisation results as well it is 
impossible to decide. 

Conclusion.— All the evidence presented agrees with the supposition 
that the white bands observed are due to the bromine released by the 
grains, which have been most heavily exposed, desensitising the neigh¬ 
bouring grains before a latent image can form on them. Already in 




Fk:. 6.— D~t curves for different long-duration pre-exposures, with and without 
sodium nitrite treatment between the two exposures. The control curves 
had no pre-exposure. Material used : process film. 

1920 similar experiences have been reported,’ although the effect did not 
manifest itself by reversal bands but merely by a reduction of the maximum 
density as the intensity of the exposing light decreased. If this effect 
is due to released bromine, an effect similar to solarisation might also be 
thought to occur. The incidence of solarisation is known to be favoured 
by exposing at high intensities,® when, with most emulsions, a considerable 
proportion of latent image is formed inside the grains. Solarisation occurs 

’ Channon, Photogr. J., 1920, 60, 164. 

® See Meidinger, in Hay’s Handbuch der Photographie (Wien 1932), vol. 5, 
pp. 293, 298. 
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only with the surface image ® and has been accounted for by a re-bromination 
process which coats over, or completely destroys, the surface-image specks. 
The surplus of bromine necessary for this destruction comes from the 
internal latent image. If an exposure at high intensities were followed 
by one of very long duration at low intensities, the new silver formed by 
the second exposure would divide between surface and internal latent 
image specks. The bromine formed, however, would accumulate around 
the grain and eventually destroy the surface image. This effect has also 
been reported.’ The effect here described is, however, thought to be 
well distinguished from solarisation, since with low-intensity exposures 
very little internal image is formed. 

In investigating low-intensity exposures, the effect here ascribed to 
bromine is bound to play a decisive, and often a disturbing, part. The 
actual desensitisation obtained in any one small area will, amongst other 
causes, depend on the ease with which bromine can escape from the emul¬ 
sion surface, since it diffuses inside the emulsion over distances of several 
millimetres. Thus, geometrical conditions, as, for example, intimacy 
of contact with a step wedge, will influence the sensitometric results pro¬ 
foundly. The reproducibility of low-intensity exposures is, in fact, 
dix:idedly poor, and good results cannot be obtained, unless the materials 
are treated with an efficient halogen acceptor. The realisation that the 
presence of a halogen acceptor is essential in order to obtain reasonable 
densities and contrast with low-intensity exposures may be of some 
practical value. 

The mechanism of this cause of low-intensity reciprocity failure is 
indicated by experiment (6) to be an attack by the bromine on any new 
latent-image silver speck formed or being formed. The mechanism 
cannot be a destruction of sensitivity specks, since treatment with a 
bromine acceptor after a low-intensity exposure restores most of, if not all, 
the sensitivity. It is interesting to note that internal-image formation 
is also affected by the bromine. This might be taken to indicate that 
the prc.sence of bromine outside the grains causes an equilibrium con¬ 
centration of atomic bromine to be set up in the grain. Stasiw and 
Teltow» have shown this to occur with large crystals of silver halides. 
Alternatively, the desensitisation for the internal image may be due 
merely to the presence of adsorbed bromine which will combine with 
the electrons released by the light absorbed, thus decreasing the efficiency 
of both surface- and internal-image formation. 

In conclusion, it is interesting to consider the actual amount of bromine 
which is released under conditions of low-intensity exposures and which 
has such drastic photographic effects. Assume that the density obtained 
is equal to i-o and that there are lo* grains/sq. cm. of coated emulsion 
surface. This density is then represented by approximately 3 x 10* 
grains. Normally, the number of quanta necessary to make a grain 
developable is of the order of 100. Under our conditions, owing to the 
low-intensity reciprocity failure, exposure may be up to 100 times as 
heavy. The amount of bromine released is therefore at most 3 x 10^* 
bromine atoms per cm. square. This amount is far too small to be de¬ 
tected by any direct chemical analysis, but leads to practically complete 
desensitisation of the remaining grains in an emulsion. 

Summary. 

On very low-intensity time-scale exposures, bands of reduced density were 
found to occur along the edge of an area, adjacent to one which had received 
a longer exposure previously. On addition of a halogen acceptor before exposure, 
these bands disappeared, and at the same time the overall densities increased 

® Stasiw and Teltow, Nachr. Akad. Wiss., Gottingen; Math. Physik. KL 
(1944). P- 155- 

Sheppard, Photogr. J., 1931, 71, 331. 
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considerably. This and other results led to the conclusion that the bands were 
due to a desensitisation caused by bromine released from either fog grains, or 
grains in which a latent image was formed during the early stages of exposure, 
since exposure reduces such grains to silver and bromine at full quantum efficiency. 
At very low intensities of light this desensitisation is the most important cause 
of reciprocity failure. 
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PYRIDINE COMPLEXES OF METALLIC 
PERCHLORATES. 

PART IL—DISSOCIATION PRESSURES AND 
PRESSURE-COMPOSITION ISOTHERMALS 
OF COPPER PYRIDINE PERCHLORATES. 

By P. C. SiNHA AND R. C. Ray. 

Received loth November, 1947. 

In a previous paper ^ the methods of preparation and the general 
properties of the pyridine complexes of copper (ic), silver, magnesium, 
calcium, strontium, barium, cadmium, zinc, mercury (ic), manganese, 
nickel and cobalt have been described. The investigation was under¬ 
taken with the object of determining what parallelism existed between 
the pyridine and ammonia complexes of metallic salts, since it was to be 
expected that, as in both cases the complex formation took place through 
the lone pair of electrons of the N atom, a close similarity would be found 
between the two classes of compounds. In the present paper, the dis¬ 
sociation pressures of the copper pyridine perchlorates have been measured 
at different temperatures, and the number of copper pyridine perchlorates, 
which are definitely formed under laboratory conditions, have been deter¬ 
mined by an isothermal study of the copper perchlorate-pyridine system 
at 30° c. and 50° c. 

The ammonia complexes of metallic salts or metallic ammines have 
been investigated by a large number of workers. Measurements of dis¬ 
sociation pressures of ammines of various salts were made on a limited 
scope by Bonnefoi,* Baud ® and Girardet.* The dissociation pressures 
of compounds of ammonia with the halides of silver and the chlorides of 
magnesium, calcium, zinc and mercury were determined by Isambert * 
and he also measured the heats of dissociation calorimetrically. Measure¬ 
ments of the hexammines of molybdate, tungstate, chromate, selenate and 
sulphate of nickel were made by Ephraim and Muller.® Later Ephraim 
made detailed investigation of the lower ammines and the higher, stable 
ammine complexes. Biltz and his co-workers made a more complete study 
of all the ammine complexes formed by each salt. The results were sum¬ 
marised and discussed by Biltz.’ The relation of stability to heat of dis¬ 
sociation was discussed by Biltz, and Biltz and Grimm.® More recently, 

Indian Chem. Soc., i943» 30, 32. ^ Ann. Chim. Phys., 1901, 23, 317. 

• Compt. rend., 1901, 132, 553. * Bull. Soc. Chim., 1910, 7, 1028. 

® Compt. rend., 1868, 66, 1259 ; 1876, 86, 968. 

• Ber., 1921, 54, 973. ’ Z. anorg. Chem., 1923, 130, 93. 

• ibid., 1925, 145, 63. 
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Hart and Partington • determined the dissociation pressures of the ammine 
and deuterammine systems of copper sulphate with varying temperatures 
and calculated the heats of dissociation from the slope of the linear graph 
of log p against i jT. 


Experimental. 

Determination of Dissociation Pressures. —The apparatus employed is 
shown diagrammatically in Fig. i. It consisted of a close limb manometer M, 
the open end of which was sealed to a T piece, and the bulb containing the 
substance was sealed to the vertical limb of the T piece. To the other end of 
the T-piece, the U-tube S, alx)ut 80 cm. long, having two bulbs on the two arms, 
was sealed. At the bottom of the U-tube a small tube which was connected 
by means of pressure tubing to a reservoir of mercury which served as a levelling 
tube, was attached. The tJ-tube arrangement was inserted to avoid the use of 
a tap. The other end of the U-tube was connected to a rotary pump through 
the tap T and a w^ash-bottle containing HjS04 and a tube fitted with P2O5 (not 
shown in Fig. 1) to absorb the pyridine. The whole apparatus except the tap T 
and the vacuum line was enclosed in a large electrically-operated air-thermostat 
provided with the heating lamp L, the heating coil II the thermo-regulator R 
and the fan F for agitating the air inside vigorously. The motor of the fan 



Fig. I. 

had to be kept outside the thermostat to prevent it from being unduly heated 
when measurements were made at high temperatures. Up to 50° c.. a mercury- 
toluene regulator was used, but for higher temperatures a xylene-mercury regulator 
was employed. The temperature could be kept constant to ± 0*02°. It was 
necessary to keep the whole of the equilibrium system inside the thermostat, 
otherwise pyridine condensed in the cooler parts and fhe pressure recorded 
was not the equilibrium pressure at the desired temperature. The difference 
in the heights of mercury in the two arms of the manometer was read off by 
means of the cathetometer C which was provided with a vertical scale and vernier. 

In carrying out a measurement, about i g. of the highest pyridine complex 
together with i cc. of pure pyridine was introduced into the bulb B which was 
then sealed on to the vertical arm of the T-piece. The thermostat was set at 
the desired temperature, the mercury reservoir was lowered until a clear passage 
was established through the U-tube S, and the excess of pyridine pumped off 
through the tap T. When the excess of p>T:idine was almost completely re¬ 
moved, the passage through the U-tube was closed by raising the mercury 
reservoir. The equilibrium pressure at the particular temperature was measured. 
It coincided with the vapour pressure of pure pyridine at that temperature, 
showing that the apparatus had been .properly set up and that the pressure 
readings were correct. The lowering of the mercury reservoir and thS pumping 
were repeated as long as the pressure values corresponded with the vapour 
pressure of pure pyridine. Gradually the pyridine complex became ent&ely 
free from the excess of pyridine, and finally the dissociation pressure of the 

• /. Chem, Soc.t 1943, 104. 
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complex "was obtained. When the equilibrium pressure at a particular tem¬ 
perature was obtained, the equilibrium was disturbed by connecting the system 
with the pump line and the pressure was allowed to attain its original value. 
This process was repeated two or three times at each temperature and the final 



Fig. 2 . 


value was recorded. In this way the dissociation pressures were recorded with 
increasing temperatures. The dissociation pressures were then redetermined 
with falling temperatures, and the whole dissociation-pressure curves were 
determined, for both rising and falling temperatures. Xhe experiments were 
repeated several times and reproducible results were obtained. 

The results obtained are recorded 
in Table I and represented graphically 
in Fig. 2. The logarithms of pressures 
are also plotted against the recipro¬ 
cals of the absolute temperature and 
the linear graphs obtained are shown 
in Fig. 3. 

Determination of Isothermals. 

—The apparatus employed for this 
purpose was essentially the same as 
shown in Fig. i except that the bulb 
containing the pyridine complex was 
provided with a tightly-fitting ground- 
glass joint which was surrounded by 
a glass jacket J filled with mercury. 

The arrangement is shown in the inset 
of Fig. I. The mercury seal was 
necessary as no lubricant could be 
used for the ground joint, since the 
bulb had to be disconnected from 
time to time and weighed. 

The experiment consisted essen¬ 
tially of the determination of the loss 
of weight of pyridine with its gradual 
removal at a &ed temperature. For 
this purpose, approximately i g. of 
the pyridine complex was introduced in the bulb with about i cc. of freshly 
distilled, pure pyridine. The bulb was weighed and fitted into the ground- 
glass joint. Mercury was then poured into the jacket and the thermostat set 
at a fixed temperature and when the contents of the bulb attains that tem¬ 
perature, some pyridine was removed by pumping. The tap T was then 




794 PYRIDINE COMPLEXES OF METALLIC PERCHLORATES 

closed and the bulb was left in the thermostat at the fixed temperature 
until the pressure reached its maximum value which was recorded. Air was 
then introduced into the apparatus, mercury was removed from the jacket J, 
the bulb detached, wiped clean and weighed. The process was repeated until 
no further change in the pressure could be noticed. A series of pressure values 
and the weights corresponding to each pressure were thus obtained. Isothermals 
were determined at 30° c. and 50° c. the room temperature being approxim¬ 
ately 25° c. From the results the loss of the number of molecules of pyridine 
from the bulb and the number of molecules of pyridine that remained per mole¬ 
cule of the copper perchlorate were calculated. The results obtained are given 
in Fig. 4 where the pressures were plotted against the number of molecules of 
pyridine per molecule of copper perchlorate. 



Discussion. 

It is evident from the dissociation-pressure curves (Fig. 2 and 3) that in 
the solid phase only two stable complexes are formed between pyridine 
and copper perchlorates within the range of temperatures investigated. 
It should be mentioned, however, that indications of two other complexes 
—one possessing higher dissociation pressures than Cu(C104)a. 6C5H5N, 
and one intermediate between the two stable complexes, Cu(C104) a. 6C5H5N 
and Cu(C104)2.4C5H5N—were obtained, but as the dissociation-pressure 
curves of these complexes were not reproducible, they have been left out. 
It IS probable that loose absorption compounds are formed with the stable 
complexes under certain conditions. The isothermal curves (Fig. 4) 
leave no doubt, however, that in the solid state only two complexes 
Cu(C104)2.6Pyr and Cu(C104)2.4Pyr are formed. 

The graphs (Fig. 3) obtained by plotting logic ^ against (i/T) x io« 
are straight lines. The linear nature of the graphs is in agreement with 
previous results for heterogeneous systems as shown by Scheffer.^® The 
dissociation pressure measurements can all be represented with sufficient 
accuracy by the equation, log p ~ A /T B, where A and B are constants. 
Thermodynamic consideration with approximations has been fully dis- 
cus.sed by Schaffer (loc. cit.), who has shown that the equation may be 
written as logic ^ === Ql 4 ' 57 ^^ + where Q is the heat of dissociation 
absorbed per molecule of pyridine. The value of Q can thus be calculated, 
the value of B being obtained from the slope of the linear graph of logio^ 
against i/7\ The mean values of the heats of dissociation of the two 
complexes Cu(C104)a. 6Pyr sind Cu(C104)a . 4Pyr are thus found to be 
8450 cal./g. and 11,640 cal./g. respectively, showing that the 4-pyTidine 
complex is much more stable than the hexapyridine copper perchlorate. 
Hart and Partington (loc. cit.) found that the heat of dissociation of 
tetramine copper sulphate is 15,270 cal./g. and that of tetradeuteramine 
copper sulphate 15,930 cal./g. It would therefore seem that the ammonia 
molecules are held more firmly by copper salts than pyridine molecules. 

Dissociation pressures have been measured up to about 95®. The 
measurements could not be carried out at higher temperatures on account 


Proc. Acad. Sci. Amst. 1917, 19, 636. 



P. C. SINHA AND R. C. RAY 795 

of experimental difficulties, and partly also for the fact that the thermostat 
could not be kept quite constant at these temperatures. If, however, 
the pressure-temperatures curves are extrapolated to higher temperatures 
(Fig. 3) they meet at ioo*8" c. which may be regarded as the transition 
temperature of the hexapyridine complex into the tetrapyridine compound. 

According to the laws of heterogeneous equilibrium, every substance 
which give off a gaseous dissociation product has, at a given temperature, 
a perfectly definite dissociation pressure that is independent of the amount 
of the dissociating substance. It will be observed from the isothermal 
curves (Fig. 4) that as pyridine is progressively removed from the bulb 
containing the complex richest in pyridine in presence of excess of free 
pyridine, the pressure remains constant, 27 mm. at 30° c. and 71*5 mm. 
at 50^^ c., until the whole of the free pyridine is lost. These are the pressures 
of pure pyridine at these temperatures respectively, but as soon as the 
ratio of pyridine to copper perchlorate reaches the value of about 6/1, 
there is sudden fall of pressure, 14 mm. at 30° c. and 31-5 mm. at 50° c. 
which are the dissociation pressures of hexapyridine copper perchlorate 
at these tA\'o temperatures respectively. After this the pressure again 
remains constant until the whole of the hexapyridine complex is decom¬ 
posed. When the ratio of copper perchlorate to pyridine attains the value 
of about 1/4, there is again a second fall of pressure, 6 mm. at 30° c. 
and 16-5 mm. at 50” c., the dissociation pressures of tetrapyridine copper 
perchlorates at these temperature. No further break in the graphs was 
found even when the ratio of the copper perchlorate to pyridine fell to 
These results leave no doubt that only two complexes, hexa- 
p}Tidine and dipyridine complexes, are formed under the conditions of 
the experiments. 

In their investigation on the formations of complex compounds of 
ammonia and deuterammonia with some metallic salts, Hart and Parting¬ 
ton (loc. cit.) have found that, in the solid phase, the highest ammonia 
complex formed with copper sulphate is the pentamine and the corre¬ 
sponding deuteramine. They also obtained tetra-, di- and mono-amines 
and the corresponding deuteramines. With copper perchlorate, however, 
pyridine forms only two complexes, hexapyridine and tetrapyridine 
compounds. It would seem therefore that, as pointed out by Biltz, and 
Biltz and Grimm (loc. cit.), complex formation is closely connected with 
the nature of the crystal lattice and the lattice energy of the salt forming 
the complex. 


Summary. 

The dissociation pressures of the pyridine complexes of copper perchlorate 
have been measured at different temperatures and the isothermal curves showing 
pressures against number of molecules of pyridine per molecule of copper per¬ 
chlorate have been determined at 30^ c. and 50° c. From these results, it has 

phase only two stable complexes, namely 
Cu(C104)jj. bC5HjN and Cii(C104)j • 4^8ll5N are formed. The heats of dissoci- 
ation of the two complexes have been calculated from the logjo p against 
111 X io« graphs and these values correspond to 8,-450 and 11,640 cal. per g. 
respectively, indicating that the 4-pyridine is much stabler than the 6-pvridine 
complex. ^ ^ 
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DIFFUSION REACTIONS. 


By F. Booth. 


Received 24th November, 1947. 


In this note we shall consider the theory of ‘' tarnishing reactions 
By “ tarnishing reactions we mean reactions in which a solid is attacked 
by either a gas or a liquid and a layer of the product forms between the 
two reactants. The reaction proceeds by the difiusion of either, or both, 
of the reactants through the product. This type of reaction is treated 
fully by Mott and Gurney ; ^ examples of it are the oxidation of metals 
and the reaction between metals and halogens. 

Let A denote the solid, B the gas or liquid phase, AB the solid product. 
For simplicity we shall assume that one mole of A is chemically equivalent 
to one mole of B. The modification of the analysis if this is not so, is 
trivial. In general the rate of reaction is determined by two factors. 

(1) The rate of reaction between the diffusing material and the other 
reactant at the appropriate interface ; for example, if B diffuses through 
AB it will be the rate of reaction at the A—AB interface. 

(2) The rate of diffusion of either A or B through AB. 


In what follows we shall consider process (2) only. We shall show later 
that the usual theory.given for the rate of the 
reaction as determined by process (2), contains an 
invalid assumption ; the condition for the assump¬ 
tion to be nearly valid is determined. We shall 
then present a more correct form of the theory. 

@ The usual derivation of the parabolic law for 
process (2) is as follows. For simplicity, suppose 
B diffuses through AB. Let and Wg denote 
the concentrations of B at interfaces P and Q 
respectively, and n its concentration in AB. The 
mass of B moving to unit area of P in time d^ is 



bx 






Mj, 


pdl 


(I) 


where and Mjj are the molecular weights of AB and B, p the density 
of the product AB, D the coefficient of diffusion and I the thickness of the 
layer AB ; x is the distance measured from interface Q into AB. Assuming 
that the concentration gradient of B in AB is constant, we have 


'bn bn __ (wg — «,) 
bx bx x^l I 


Hence from (i) and (2) 


or 


Al - Hi) I 

d/ p I 

^ - Wi) 


. . . . (3) 

^lence the thickness of 


if < is the time from the beginning of the reaction, 
the product increases as 


* Electronic Processes in Ionic Crystals (O.U.P. 1940), Ch. VIII. 
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But assumption (2), that the concentration gradient of B in AB is 
uniform, which is often regarded as self-evident (e.g. Mott and Gurney,^ 
p. 252) is not correct. For from {2), it follows that 


5^ 


= o. 


(4) 


On the other hand, from (2) and the boundary conditions, 

/ \ (^ y V 

« = «, + («,- «,)- j - . . . . (5) 

^ -dt .' 


since and Wg are constant; we assume thermodynamic equilibrium at 
interfaces P and Q. 

Thus 'dn/'bt is not zero unless x or d//d/ is zero. But 'bn/'bt and 'b^nj'bx^ 
should be related by Pick’s law. 


'bn 

Tt "" 


(7) 


Hence (5) is not a solution of (7), and the gradient is not linear. Experi¬ 
mentally it is often found that (3) is followed quite well and it is therefore 
useful to find the condition that (2) should be nearly true. The simplest 
way of deriving this condition .seems to be as follows. 

Suppose the concentration gradient is uniform and therefore given 
by (2). From (6) and (7) we have 

^ _ (”« - ”l) i ^ 

ix* D I*' dt . ’ 


Integrating (8) twice with respect to x, and using the boundary con¬ 
ditions, n = ni Sit X ^ I, and w — Wg at — o, we find 


, ,rl — X / x^\ I d/“| , , 

+ • (9) 


Comparing (2) and (10) we see that they are only consistent provided 


or 


d/ 


d^ 


37^1 < 

I 


6 D 


(11) 

(12) 


or, using (3) m, - n, < ^2.(13) 

Condition (13) is evidently the criterion for Pick’s law (7) to be satisfied 
by a uniform concentration gradient. 

Hence the concentration of the diffusing material must be small com¬ 
pared with the density of the product through which it diffuses. The 
experimental results on diffusion, if interpreted by the usual theory, give 
(Wa — Wi)D only; hence some independent method of finding (Wg ~ ^h) 
must be used to determine whether or not (13) is satisfied. Experimental 
evidence on this point seems scanty; there are some results, however, 
on the reaction between copper and gaseous oxygen. This is a tarnishing 
reaction in which the metal is coated by a film of cuprous oxide. Oxygen 
atoms are adsorbed -in the oxide, surface forming oxide and leaving un¬ 
occupied copper lattice points. The copper diffuses to the vacant lattice 
points. Hence, although the diffusing element is copper, the rate is 
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determined by the concentration of oxygen in excess of the stoichiometric 
proportions, is effectively zero and w* has been measured by Wagner 
and Hammen.* They found lo-® for temperatures of 

1000° c. and O2 pressure (/>). 33 mm. Hg. The dependence of the con¬ 
centration Wa on the pressure was as In this particular example, 

therefore, it is evident that condition (13) is fulfilled. 

Of course, with a physical mechanism of this type we should always 
expect the ratio (Wg — n^lp to be small, since otherwise there would be a 
large number of unoccupied lattice points and the lattice would break 
down. But there is no a priori reason for cases not to exist in which 
(Wj — n)lp is not very small and therefore it is of interest to enquire how 
(3) is modified if (13) is not satisfied. For example, is the form of the 
parabolic law modified and the rate of growth of product not inversely 
proportional to its thickness, or is the effect merely an alteration in the 
constant multiplying t in (3) ? 

We require a solution of (7) so that m = w, at at = o, and w ~ w, at 
the position x — I, I being determined by the integration of (i). Solutions 
of equations like (7) are well known but in this case we have the peculiar 
feature of a moving boundary—the motion being determined by the 
solution. 

00 

Assume that ^ ~ 2 ..... (14) 

0 

where the coefficients a,, are functions of t only. 

Then, from the boundary conditions we have 

= ao.(15) 

00 

and • • • • • (16) 

0 

From Pick's law (7) we find 

00 ® j 

D^r(r - ^ . . . (17) 

2 0 


Hence, equating coefficients of like powers of x in (17) 


Dr(r — i)ar 


dt 


where r goes from 2 to infinity. 

We have immediately ag = a4 -- agr “ o and the solution is 


2 nr, 


d'a. 


Equation (16) gives 


+ 2 


D^(2r -j- 1)! d^** * 


/2r+l 


D^(2r + i) 1 dt^ 


■ (18) 


(19) 


(20) 


. Now the function oli will be determined by the initial values of n, 
and the boundary conditions at at — o and x — 1 . If we assume that 
/ = o when / = o, we can change the independent variable t in ai to I 
and write 

t 00 

a, = («, - .... (21) 

0 

where the a,'s are now constant. 


Z. physih. Chem. B, 1938, 40. 197. 
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Now consider the moving boundary. From (i) 

pM-Q^ D^’'^(2 y)\ d/*" * 


But since d//d^ o as / oo, we can write it in the form 

d/ ^ hf 

d/ ~ “ e-**' 


(23) 


The method of solution is now clearly as follows. If we substitute 
aj of (21), in (20) and (22), and then use {23) for d//d^ in both equations, 
by expanding both sides of each equation in powers of I we obtain 00* 
equations for the 00* coefficients 

ClQf ci-^f ^2 • • < and * * * * 


Consider first the coefficients a, and The two equations to deter¬ 
mine them are respectively 


and 


«i( 


3 V 

1)2 I ! 


Both series are readily summed : 

fa 


) = - 
)- 


_ 


no 


3.5. . . (2W - I 


2 r* 

where erf x is the error integral defined as erf x — \ e“**dr. 

V 0 

f (_ i)n3 ■ 5 • • ,(2« - j) Ar __ _ 

^' ' (2n )! \d) 

Hence is obtained as the solution of 

and for we find 

. r4y. . . 




\2DJ 


(24) 

(25) 

(26) 

(27) 

(28) 

(29) 


These equations are readily solved numerically ; the simplest pro¬ 
cedure is to calculate (Wg — for various values of h^^lzD 

using (28). The value of h^, for any given concentration difference (n^ — n^) 
is then found by interpolation. 

It is easily verified that when condition (13) is satisfied, h-^ has the 
value given by (3). For all the expressions on the right-hand side of (28) 
are increasing functions of b^, and therefore (3) is satisfied for 61/2!)-< i. 

For this case, exp (h^jzD) i, erf (h^l2D)k (26,/7rI))i, and so 

♦ 

fci ->■ D(«, — ni)MislMJp. 

An alternative method of solution, suitable when (3) is approximately 
fulfilled, is to express both a, and as series of powers of r where 

(W, - 
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and then to substitute the series in {24) and {25). Comparing like powers 
of T we determine the successive coefficients. If 

00 CO 

a, = 2 "in’* ; *>1 = 

0 0 

I 19 

then fljo = — I. «ii = — g, «n = 

I y 

biQ = o, bii — I, bi 2 — — -f ^13 = JT* 

3 45 

Next consider a, and b ^; they are given by 
a 2 — ^ 4 “ ^1^2) 4 “ ^ I 4 ~ a) . . . == o (31) 

6a 4 “ Drj^aa — jy-g(2aa6i + ^16,) + • • -J = o* (S^) 

Again writing a, sind 62 as expansions in powers of t 
00 00 

«»= 2 

0 0 

we can solve (31) and (32) as we solved (24) and (25). From (31) we find 
aao = o I using this in (32) we find 621 — o. Again from (31), a,! = o ; 
it is quite clear from the method of solution that all the a,,, and ftan are 
5jero, and so ag = 63 = o. The same result follows for all the higher co¬ 
efficients Uf, br(r > 1). 

Hence we conclude that the rate of growth of product still follows a 
parabolic law but that the correct form of (3) is 

l-CrfWi .... (331 


where for small t 


f(r) = I _ ir + -^T* - 

3 45 

or more generally, f(T) is the solution of the equation 

f(T) calculated numerically from (34) is shown in Fig. 2. 


(34) 



Fig. 2. —Dependence of f(T) (eqn. (33)) on parameter t = («, — 
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n — rii = {nt — tii) 




i 


erf 


( 4 )‘ 


(35) 


Fig. 3 shows that the modification of the linear gradient is only marked 
for large t. 



Fig. 3.—Dependence of concentration gradient upon parameter t. 
(i) T = o. (2) r I. (3) r = 3. 


Hence we see that the modification of the usual theory will only be 
noticeable in cases where the product can take up large quantities of 
the diffusing materials. Possibly, examples of interest may be found in 
the oxidation of some metals which form higher oxides ; for example 
the oxidation of barium to barium oxide. The lattice structures of barium 
oxide and barium peroxide are so similar that it seems very likely that 
the oxide can acquire quite a high concentration of oxygen. 

Summary. 

An error is pointed out in the theory usually given for the rate of the reaction 
between a solid and a gas or liquid, in which the reaction proceeds by the diffusion 
of the reactants through a layer of the product formed on the surface of the solid. 
A condition for the applicability of the usual theory is given, and an exact solu¬ 
tion derived. It is shown that the rate of growth of the product is inversely 
proportional to its thickness as in the simple theory, but that the constant of 
proportionality depends upon the density of the reactants in the product and 
the density of the product. 

H. H. Wills Physical Laboratory, 

The University, 

Bristol. 



THE EFFECT OF MOLECULAR INERTIA ON 
DIELECTRIC ABSORPTION.* 

By J. G. Powles. 


Received ^th December, 1947. 


Recent developments in microwave radio technique have permitted 
an extension of dielectric investigation to wavelengths down to a few 
mm., where it would seem likely that molecular inertia may begin to 
exercise an effect on the motion of dipolar molecules in an applied alter¬ 
nating field and hence on the associated energy absorption. The effect 
may be expected to become appreciable when the kinetic energy of the 
orienting molecule becomes comparable with its thermal energy, and it 
may be noted that for a molecule having 7 — 500 x 10g. cm.^ and at a 
wavelength of 5 mm., <xy^ is of the order of 01 kT at room temperature. 

The possible importance of this effect has been recently referred to by 
Whiffen ^ and a partial analysis has been carried out by Rocard.® The 
present analysis seeks to extend this and, in particular, to consider the 
effect in relation to measurements of absorption in dilute solutions of a 
polar substance in a non-polar solvent. 


Theoretical. 


The theoretical treatment is essentially a modification of the existing 
Debye theory of dispersion in polar liquids ‘at high frequencies.^ In 
this theory the movement of the polar molecules is considered in two parts, 
denoted by and A 2. A 2 arising from Brownian or kinetic collisions 
with adjacent molecules and Aj caused by the impressed alternating 
field. We shall assume that the Brownian motion of the molecules, 
i.e. A 2 is not affected by molecular inertia. The motion due to the im¬ 
pressed field is affected, and we shall deduce the necessary modification 
below. 

The torque on a molecule of dipole moment /x at 0 to the applied field 
F == is 

M ^ - ixF^md . (I) 


Neglecting inertia, Debye writes 


and uses 


= y ht. 


(2) 

( 3 ) 


where { — 2kTr and t is a relaxation time, and from this he deduces 
that 

Ai = — sin 8^. ... (4) 


When inertia is included, (2) becomes 


’’dt ^ 


( 5 ) 


It may be noted that (5) is by no means the correct vibrational equation 
of motion of the polar molecule since although it accounts for the loss of 


* See additional note on p. 844. 

^Whiffen, Trans. Faraday Soc., 1946, 42^, 77. 

* Rocard, /. Physique Rad., 1933, 4, 247. 

* Debye, Polar Molecules, p. 77 et seq. 
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energy of the oscillating molecule to the surrounding ones, it takes no 
account of the reverse process, namely the increase of the kinetic energy 
due to thermal fluctuations. This is demonstrated by taking the static 
case (<i) “ o) when (5) indicates that for a direct field all dipoles lie 
ultimately in the direction of the field. This is equally true of (2) and, 
as mentioned above, Debye allows for this by splitting the motion into 
two parts Ai and A 2, a step which is justified to a certain extent by recent 
measurements.*' • It is proposed to neglect similarly the effect of thermal 
fluctuations in solving (5) to obtain a value for B0, the angle turned through 
by a polar molecule in time 8/, which takes account of the inertia of the 
molecule. 

Solution of (5) shows that to a good approximation 


d0 I 

d/ ^ i 0)1 

I + -r 


( 6 ) 


The effect of inertia is thus to modify M or ~ in (3) by the factor 

I * 

. j and this leads to the differential equation for f, the distribution 
I — 

function for the polar molecules : 


M __i_ ^ 
'bt sin 0 b6 


( . bf M I 


( 7 ) 




Following Debye’s procedure, —— is derived from the steady-state 

fiF 

condition given by ~ = o when/ — . Thus 


^_j_ 

48/ ^ i 0)1 

I + -y- 

which n'duces for w — o, to the Debye form : 


(8) 

(9) 


Although (9) is certainly true at low frequencies, it seems probable 
0^ 

that the value of — required for use in (7) at high frequencies needs 
40^ 

modification for the effect of inertia. A suitable modification may be 
given by (8) but in view of the uncertainty we shall take the value of 

48/ { 


I -I- a- 


i 0)1 

T 


(10) 


where <0 a < i and we shall see later that the particular value of a 
chosen within this range makes little difference to the result where the 
expected deviation due to inertia is largest. 


* Jackson and ^wles, ref. i, 10 r. 

® Whiffen and Tnbmpson, ibid,, 114. 

* Sutherland and Cripwell, ibid., 149. 

* Compare with eqn. (46), p. 82, ref. 3. 
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Using (lo) in (7) and solving by use of the trial solution, 
f ^ A^i + B~ cos ej, 


we find 
where 


1 — x((or)^ I iojr' 
t' _ I 4- (l — ol)x 
T I — x{a}r)^ * 


using C =- 


2kTT and putting x =- 


I 



For liquids with a low dipolar concentration and dilute solutions of 
a polar substance in a non-polar solvent, this leads to the equation : 


tan 5 == 


Cr 


_ aiT[i -f (l — ol)x] _ 

— x(u)r)^Y -f- (a>T)*[l + (l — a)A']* 


a relation which reduces to the Debye equation : 


(IX) 


tan«^-o-Cr + (o>r)^ ■ . . . (12) 

for 7 = 0, {x — o). 

The effect of molecular inertia is therefore given by the expression : 
tan 6 _ [i 4- (i — a);r][i + (cur)*] 

tan 8i»o [i ■— A'(a>T)*]2 4- (<iiT)2[i 4- (i ~ aL)x']^' 

For the purpose of illustration it is convenient to take x ^ 01 and 
Fig. I shows the estimated effect of molecular inertia on the variation 
of tan 8 with frequency for this value of x and for the limiting values o 
and I of a. It is seen that the deviation from the simple Debye curve 
is proportionally most marked for values of cot > 4. 


Application to Dilute Solutions. 

It is interesting to calculate the effect in the case of solutions pf polar 
molecules in non-polar solvents, where it has been found that within the 
experimental error the relation (12) is obeyed for particular solutions.** ** • 
It is therefore reasonable to assume that apart from the inertia effect 
the absorption depends on frequency in the manner given by (12) and to 
calculate the correction requiredi To do this, it is necessary to know 
the values of the moments of inertia for the polar molecules used. Since 
suitable figi|^es are not available, estimates have been made by using 
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atomic spacings as derived from infra-red and other measurements on 
simple molecules, and by use of ordinary mechanics. The resulting 
values are given in Table I. 


TABLE I. 


Polar Material. 

I X 10“ g. X cm.* 

T X lo^* sec. 

.0., 

T 

Benzophenone 

1620 

17*8 

2*3 

Nitrobenzene 

793 

12-8 

2*2 

Bromobenzene 

912 

12*0 

2*5 

Chloroform 

366 

8-5 

2*3 

Acetone 

106 

3-5 

3*0 


In most cases the value of the moment of inertia depends on the axis 
of rotation jmd the value of / to be used must be an average for all direc¬ 
tions of the dipole relative to the field. It is, however, only necessary 
to average for small oscillations about all mean positions of the mole¬ 
cule in which the dipole is at right-angles to the field, since, for a mean 
position where the dipole is not at right-angles to the field, only the torque, 
and not the axis of oscillation is changed. Some care is required in the 
case of molecules where the moment of inertia varies greatly with the axis 


1 1 

Relation of moment of inertia 

/b re/axation time. 

1 1 Benzopt 

m 

Solution . 

f— r- I- 

n benzene at /9 C. 

Brombenzene^ 


0 ^ 

y 

^^^^Nitro 

benzene. 

Acetone^ y 

HI 






fS 20 


Fig. 2. 


of oscillation. In spite of the approximate nature of the calculation we 
shall find that the figures for moments of inertia in Table I are sufficiently 
accurate for our purpose. 

The values of relaxation time in benzene solution at 19° c. of the 
polar substances in question are given in the third column of Table I, 
and the derived values of V//t in the fourth column. It is seen that this 


ratio, and with it the value of — 


I 

zkTr^ 


, is substantially constant for 


the five solutions. This is illustrated by the plot of V/ against t in 
Fig. 2. The linearity of this plot suggests that r is proportional to some 
mean radius ” of the molecule and not to its volume as suggested by 
Debye (ref.®, p. 85). ^ 
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We are now in a position to assess the order of magnitude of the inertia 
effect on the premises of the preceding analysis. According to the data 
of Table I, x for these benzene solutions has the value 0-007, t>y refer¬ 
ence to Fig. I it is evident that the effect on the shape of the absorption 
curve is much less than could be distinguished by experiment with the 
present’order of experimental error. 

It is to be expected that the inertia effect will become more pronounced 
with decreasing solvent viscosity since the value of t becomes smaller, 
for a given solute. For a solution of chloroform in heptane, Whiffen 
and Thompson ’ give t = 3-1 x 10 -1* sec. corresponding to which x — 0-047, 
and it may be estimated that for solution in pentane, the hydrocarbon 
liquid with lowest viscosity available, o-o8. These values are not 
sufficiently large for experimental assessment from measurements with 
values of tor near unity and values of > 2 involve considerable diffi¬ 
culty at the present time. Thus for benzophenone in pentane measure¬ 
ments above a frequency of about 10^^ c./sec. (tor 3) would seem to be 
required for which oscillators are not yet available. The effect is not 
large enough to show promise as a method of estimating moment of inertia 
values of polar molecules. 

The author wishes to record his thanks to Prof. Willis Jackson and 
Prof. H. Frohlich for helpful discussions, and to the Department of 
Scientific and Industrial Research for a grant. 

Summary. 

It has been shown by an extension of Debye's analysis and with certain 
assumptions, that the effect of molecular inertia on the absorption in dilute 
solutions of polar substances in a non-polar solvent depends on the quantity 

greatest effect is to be expected with .solvents of low viscosity 

rather than by the use of polar molecules with large moments of inertia. The 
effect is most marked for values of cut > i but departure from Debye's relation 
(12) might be noticeable in solvents of low viscosity for values of cur near unity 
(see Fig. 1). 

The present analysis shows that the effect of inertia is small for the frequencies 
at present available to measurement and it is unlikely that a complete analysis 
for this and other molecular models, including other possible causes of deviation 
from the Debye relation (12), could yet be checked effectively. 

Electrical Engineering Department, 

Imperial College, 

London, 

^ Whiffen and Thompson, ref. j, 167. 


EMISSION BANDS FROM THE ELECTRODELESS 
DISCHARGE IN CARBON TETRABROMIDE 
VAPOUR. 

By R. a. Durie and T. Iredale. 

Received 8th December, 1947. 

Band spectra of the radicals CCl, CBr, Cl are not easy to obtain. In 
their study of an electric discharge in CCl* vapour at low pressures, Asundi 
and Karim ^ reported an emission spectrum consisting of continuous 
bands with maxima at 4600, 3348, 3070, 2580, 2430, 2300 a., also two 
other groups of bands in the short-wave ultra-violet region, one of which 
was practically coincident with a CO band-group. These authors have 

1 Proc. Indian Acad. Set. A, 1937, 328. 
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into any vibrational scheme. The brown polymer, on analysis, gave the follow, 
ing results : C : I 3'95 % ; Br : 85*76 % ; H : 0*20 %. The ratio of C. to Br 
in this compound is therefore approximately 1:1, and it might conceivably be 
built up from CBr radicals. But it does not appear to be C,Br,. It is in¬ 
soluble in ethyl alcohol and ether, and slightly soluble in warm benzene. It 
melts rather indefinitely about 160® c., and later decomposes, liberating Br,. 

The authors are indebted to Mr. R. C. Blake for carrying out some of 
the earlier experimental work. 


Summary. 

The spectrum of the electrodeless discharge in CBr, vapour has been photo¬ 
graphed, and some new diffuse bands have been found in the ultra-violet region. 
They are provisionally attributed to CBr. A brown polymer was deposited 
on the walls of the discharge tube, consisting almost entirely of C and Br in 
the ratio 1:1. 

Note added in proof. —Dr. Gaydon in a private communication has informed 
me that the band in the 2900 a. region is more likely due to Br,, as he has ob¬ 
tained it from an electrodeless discharge in that gas. Ixjng ago Strutt and 
Fowler (Proc. Roy. Soc. A, 1912, 86, 109) obtained a similar band during their 
study of the reactivity of active nitrogen and bromine. 

Physical Chemistry Laboratories^ 

University of Sydney, 

Australia. 


THE MECHANISM OF FORMATION OF DIETHYL 
ETHER USING THE HEAVY OXYGEN ISO¬ 
TOPE ^®0 AS A TRACER ELEMENT. 


By I. Lauder and J. H. Green. 
Received 16th December, 1947. 


An etherification reaction between an ester of an inorganic oxy-acid 
and an alcohol must involve a fission of an alkyl-oxygen bond in one of 
the reactants. There is much indirect evidence that the bond in the ester 
is broken during reaction but, possibly, the most direct information on 
the process may be obtained by use of the heavy oxygen isotope, ^«0, 
as a tracer element. This method of approach has been used to investigate 
the mechanism of formation of diethyl ether by reaction between diethyl 
sulphate and ethyl alcohol. 

This reaction occurs readily at 57° c.,^ but more readily, even at room 
temperature, if an equivalent amount of alkali and a small amount of 
water are present.^ As a first step, the reaction was investigated under 
the latter conditions. The procedure adopted was to allow “ heavy- 
oxygen ” ethyl alcohol to react with diethyl sulphate in the presence of 
sodium hydroxide and water, and the content of the ether formed was 
indirectly determined. The two possible mechanisms involved are re¬ 
presented by the equations : 


' >SO, + CjH,—H 


(NaOH) 


H—O. 

>so, 

u-_n/ 


+ (I) 


/SSO, + “O-H>SO, + C,H.- 0 -C.H, (2) 

CK ' (n«oh) c,H,—C k 

^ Kremann, Monatsh., 1906, 27, 1265. 

• Cade, Chem. Met. Eng., 1923, 29 , 319. 



1. LAUDER AND J. H. GREEN 809 

If mechanism (i) is correct and no interfering reaction occurs, the ether 
formed should contain the oxygen originally present in the alcohol. On 
the other hand, if mechanism (2) is correct, the ether formed should contain 
'' normal " oxygen. It is possible of course, that both mechanisms are 
involved, in which case the ^®() content of the ether would depend on the 
relative importance of the two reactions. 

In a preliminary report on this investigation,® it was mentioned that 
the interpretation of the results was complicated by the occurrence of 
two side-reactions, namely, hydrolysis and alcoholysis. It is probable 
that both lead to the formation of “ normal ethyl alcohol, and so the 
measurement of the content of the ether isolated at the end of one 
fixed reaction-period does not reveal the exact nature of the etherification 
process. However, by varying the reaction period, the extrapolation 
of the curve obtained by plotting content of ether against time gives 
the desired result, viz. the content of the ether formed solely from 
the alcohol originally present in the mixture. 

Experimental. 

Matkrtals. —Diethyl sulphate was prepared and purified according to details 
given by Houben.^ 

Heavy oxygen alcohol was prepared by hydrolysis of ethyl bromide in excess 
heavy oxygen water madei alkaline by magnesium hydroxide. As ethyl bromide 
and ethyl alcohol form an azeotropic mixture (7 mol. % C^HjOH ; b.p. 37*6® c.) 
it was found advisable to have slightly more magnesium hydroxide present than 
required for the hydrolysis of all the ethyl bromide to avoid loss of the desired 
product during the subseejuent distillation process. 

One g. magnesium oxide and 4 g. water were heated in a heavy^’-vvalled Pyrex 
gla.ss tulx' for 24 hr. to establish isotopic equilibrium. A sample of w’ater was 
then withdrawn for isotopic measurement and then 4*3 g. ethyl bromide w^erc 
added. After removing the air, the tube was sealed and it was then heated 
at 110° c. w'ith constant shaking for 3-7 days. After that period, the tube was 
cooled and the volatile products w'cre pumped off while the temperature Nvas 
gradually increased to 100® c. The product, aqueous alcohol containing usually 
a trace of ethyl bromide, was transferred to a small distillation vessel. On 
w'arming, any trace of ethyl bromide passed off (as the azeotropic mixture) 
and then the fraction distilling up to 100® c. was collected. This was redistilled 
and the distillate was collected until the ratio of w^'iter to ethyl alcohol had 
reached the desired value. The latter stage was judged by use of a small totally 
immersed “ hydrometer " which had been adjusted to remain suspended at 
o® c. in an alcohol-water mixture of the desired proportion. Both components 
were thus equally enriched in viz. to about 0*4 %, the excess density of the 
water being 328 p.p.m. The excess density of the alcohol w'as not measured 
as such, since assay of the content is always made by conversion of the oxygen 
of alcohol, ether, etc., into water, the density of the latter being then measured. 

Heavy oxygen water required for the above preparation was obtained by 
use of the thermal-diffusion apparatus described by one of the authors.® 
Procedure. —The reactants were mixed in the following proportion : 

Diethyl sulphate .... 11*7 millimoles 

Sodium hydroxide .... 8*()5 ,, 

Alcohol ...... 8*93 ,, 

Water . . . . . .9*8 ,, 

and, after removing the air, shaking w^as commenced. At the desired intervals, 
samples of ether were pumped off, while the reaction mixture was cooled to 
bo® c. Only small traces of W'ater and alcohol came off wuth the ether and 
these were removed from the sample by contact with sodium metal. The oxygen 
in the ether was then obtained in the form of water by a technique similar to 
that already described by Herbert and Lauder.® The excess density of the 
purified sample of water w^as determined by tlie micro-pyknometer method of 
Gilhllan and Polanyi.'^ 

• Lauder and Green, Nature, 1946, 157, 767. 

^ Die Meihoden der organischen Chemie (Dr. Aufl.) 4, 517. 

• Lauder, Trans. Faraday Soc., 1947, 43. 

• Herbert and Lauder, Trans. Faraday Soc., 1938, 34, 432. 

’ Gilhllan and Polanyi, Z. physik. Chem., 1933, 166, 254. 
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Results. 

Duplicate density measurements on any sample of water agreed within the 
experimental error of ± 5 p.p.m. but the results obtained for corresponding 

periods from successive reaction mixtures 
showed a variation of ± lo p.p.m. The results 
are shown graphically in Fig. i in which 
excess density has been plotted against re¬ 
action time. Each point represents the arith¬ 
metic mean of four determinations. The 
extrapolation of the curve, obtained by joining 
up the points for reaction times of 150, 31 and 
16 min. respectively, cuts the excess density 
axis at a value approximately 320 ± 5 p.p.m. 
As the excess density of the water formed from 
oxygen present in the original “ heavy-oxygen ’* 
alcohol was 328 p.p.m. it may be concluded 
that mechanism (1) is correct, i.e. the ether 
formed contains the oxygen originally present in the alcohol. 

This investigation was financed by funds given to the University of 
Queensland by the Commonwealth Council for Scientific and Industrial 
Research. 

Summary. 

The mechanism of reaction between diethyl sulphate and ethyl alcohol has 
been investigated using the heavy-oxygen isotope as a tracer element. The 
results show that during reaction, the alkyl oxygen bond in the ester breaks, 
but not that in the alcohol. 

Depariment of Chemistry, 

University of Queensland, 

Brisbane, 

Australia. 



THE VAPOUR PRESSURES OF SOME HIGH 
BOILING ESTERS. 

By P. a. Sm.\lt., K. \V. Small and P. Cowley. 

Received 16th December, 1947. 

In this paper we record measured values of the \apoiir pressures, 
between about 5 x 10and 10-* mm. Hg of a number of high boiling 
esters of molecular weight range 200-430, .some of which are used in in¬ 
dustry as plasticisers. As previously discussed,^ a knowledge of the vapour 
pressure of a material is an important factor in assessing its serviceability 
as a plasticiser. From our results we can estimate an approximate value 
for the v.p. at 100° c. and also at other temperatures, by taking a cal¬ 
culated value for Aif, for esters of known molecular weight, provided 
that they do not have a highly branched configuration, as found, for ex¬ 
ample, in the trialkyl phosphates. Values for dibutyl phthalate covering 
a much wider range are also given. 

Experimental. 

The vapour pressures of substances of low volatility have frequently been 
calculated from measurements of the rate of effusion of the vapour through small 
orifices or tubes, of diameter con.siderably less than the mean-free-path of the 
molecules. Many experimental methods have been described and our method 
resembled that of Ubbelohde * in many respects. 

^ Small, /. Soc. Chem. Ind., 1947, 66, 17. 

* Ubbelohde, Trans. Faraday Soc., 1938, 34 , 282. 
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In the apparatus (Fig. i) used in the present work, the liquid to be investi¬ 
gated was placed in a spherical glass bucket {a) weighing about 0*75 g. and having 
a small circular sharp-edged hole. This hole was ground circular with fine 
carborundum powder and a steel needle, and the sharp edge was then made by- 
grinding the outside of the bucket on a glass plate with carborundum. After 
the diameter of the orifice had been measured with a microscope, the handle 
was attached. This bucket was suspended on a calibrated steel spring (b — c) 
in a jacketed and lagged glass tube {d) connected through a trap to a three-stage 
oil diffusion pump. By circulating vapours of various liquids, boiling under 
atmospheric conditions in the jacket (e), temperatures up to 155° c. were ob¬ 
tained and maintained constant for the period of the experiments to within 
± 0*1° c. in the tube. When temperature equilibrium was reached the system 
was evacuated and the residual gas pressure was reduced to lo”* mm. Hg or 
less as indicated by a McLeod gauge. The rate 
of effusion of the vapour of the material in the 
bucket was followed with a cathetometer (/) 
reading to o-ooi cm. by recording the rate of 
contraction of the spring. The steel springs 
used extended by 5-7 cm./g. load and were cali¬ 
brated at each temperature, the calibration being 
correct to one part in 200. The actual tempera¬ 
ture of the glass bucket and its liquid contents 
at the time of evaporation differs slightly from 
that of the surrounding vacuum as read on the 
thermometer [g] suspended inside the jacket by 
factors depending on the effects due to (i) the 
change in external pressure on the thermometer 
which amounted for different thermometers to 
0*3-1c. ; this effect was corrected for; 

(2) radiation to the cold, open end of the tube 
and (3) the cooling due to the evaporation of 
the liquid itself. 

From a consideration of the heat-balance 
between the bucket (assuming the emissivity 
of glass to be unity), and its surroundings, the 
effect of radiation to the end was estimated to 
lower the bucket temperature by an amount 
depending on the temperature of the outer 
tube, the maximum value of w'hich was about 
0*2" c. A correction was applied for this effect 
w’hen it was significant. 

The effect of the evaporation of the liquid was more serious. For butyl 
phthalate, a rate of evaporation of 1*5 X 10-® g./sec. was calculated to give an 
error of 1° c. By selecting orifices giving rates of evaporation not greater than 
this value, the correction could be estimated sufficiently exactly. The orifice 
diameters used were between o*o86 cm. and 0*627 cm., the hole being small with 
respect to the maximum section of the bucket, but not so small that it behaved 
as a tube rather than a hole in a very thin sheet. Hence in the system described, 
the space inside the bucket was assumed to be saturated with vapour which 
effused out into a region of effectively zero pressure, since for pressures of less 
than lo”* mm. Hg the mean-free-path of the molecules is large compared with 
the dimensions of the orifice. In these circumstances the use of the kinetic 
formula for the rate of effusion ft through a small hole in a thin sheet is justified. 
That is 

/A* =--(/> in dyne cm.~*, p, the gas density in g./cm.~*), 

2 TT 

Hence, treating the vapour as a perfect gas, 

P = 



vapour through an orifice. 


where p is the v.p. in mm. Hg of the substance with molecular weight M, at 
the temperature k., and p is in g. cm.-* sec.“^. 

In the case of dibutyl phthalate, one of the more volatile of the common 
plasticisers, v.p. measurements have been made up to temperatures approaching 
the boiling point, using an isoteniscope similar to that described by Smith and 

28* 
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Menzies,® and also by distillation at pressures controlled by a manostat. The 
results are not separately recorded but are given in Fig. 5. 

Materials. —Commercial samples of good colour of dibutyl phthalate and 
sebacate were fractionated under reduced pressure to give colourless liquids 
of theoretical saponification values. In the case of tricresyl phosphate, measure¬ 
ments were made on a typical industrial sample (mixed isomers) of light brown 
colour, and also on a sample of tri-w-cresyl ester of good colour .supplied by 
A. Boake Roberts & Co. which after distillation in the molecular still contained 
the theoretical amount of phosphate. The sample of butyl acetyl ricinoleate 
was from a laboratory preparation of A. Boake Roberts & Co. It was slightly 
yellow in colour and had a saponification value of 281 mjg. KOH/g. and acid 
value 3*6 mg. KOH/g. No reasonably good sample of dioctyl phthalate was 
available but a pure sample was prepared by us from fractionated 2-ethyl 
hexanol and phthalic anhydride. The samples of pure «-methyl, ethyl, propyl 
and butyl phthalates were supplied by Dr. R. F. Tuckett. The «-amyl and 
»-hexyl phthalates, dioctyl and dibutoxyethyl sebacates, triphenyl, tributoxy- 
ethyl phosphates, tetrahydrofurfuryl oleate, and the nonyl e.sters were synthes¬ 
ised in I.C.I. laboratories. The Mesamoll IV® was of German origin, an ester 
allegedly of the formula CuHaiSOgCeH^. The ethyl abietate came from Finland. 
Both these materials are used as plasticisers for polyvinyl chloride in the countries 
of their origin. 

Results. 

The relation between v.p. and temperature has been expressed in the usual 
way by the relation 

logic P = 

, - AH , 

or logic/-+const. 

Plots of logio p (v.p. in mm. 
Hg) agaimst ijT have been 
con.structed from our experi¬ 
mental data and arc shown in 
Fig. 2-5. Values of the con¬ 
stants A and B, and of AH, 
the latent heat of evaporation 
in kcal./g. mol. have been cal¬ 
culated from our results and 
are listed in Tables I-III to¬ 
gether with some data already 
published. The temperature 
ranges for which the equa¬ 
tions are valid are indicated 
on the graphs. In a few cases, 
the experimental values for 
the v.p. (expressed as log^o P) 
at 100° c. are recorded, as 
data were not obtained at 
other temperatures. 

Discussion. 

No detailed analy.si.s of 
the errors was made; the 
constants in the equation 
were obtained by the zero- 
sum " method. Our method 
gave values oi A, B and 
AH which are close to those of other workers for the few plasticisers 
for which v.p. data have been published. There is a good linear relation 
between AH and logio/> at 100® c. (calculated from the formula), as 

• Smith and Menzies, /. Amer. Chem. Soc., 1910# 3 *f 1412. 

® B.I.O.S. Final Report Na 440, Item No. 22. 



Fig. 2. —Logio p against ijT for the normal 
phthalate esters. 
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Fig. 5.—I-ogio P again.st ijT for dibutyl phthalate. 
O This paper. O Other published data. 
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shown in Fig. 6 despite the fact that the temperatures for which AH is 
estimated (the mid-points of the temperature ranges) are different. Thus 
approximately, AH =-• 19*0 — 2*4 logio/>ioo- If this relation is extrapo¬ 
lated to lower molecular weight esters, it does not fit very well and 
it is possible that a non-linear relation would hold better over a wider 
range. This relation is analogous to that found by Barclay and Butler * 
to hold between free energy and entropy of vaporisation from pure liquids 
and solutions. 

There is also a fairly good relation in this series of compounds between 
molecular weight M and logiop at 100° c. (Fig. 7). For the phthalates 
this relation is quite a good straight line ; the correlation chosen for the 
whole series is logio/>ioo = 3*34 “ 0-0167 M. It certainly applies only 



O Phthalic esters. 



Fig. 7.—M. wt. again.st logjo PlQ^^o ^ 

♦ Phosphates. 

□ Aliphatic sebacates. 


to a relatively restricted range of compounds.* As expected, esters con¬ 
taining branched alkyl chains give rather higher values for p than those 
calculated from this relation, which was deduced for normal straight- 
chain esters. However, this expression may prove useful in the prediction 
of approximate values of v.P.’s for other similar high-boiling esters ; in 
conjunction with the probably more general relation between AH and 
^o^ioPioo* values of v.p. may be estimated at temperatures other than 
100° c. It should not be used for phosphoric acid esters. The long- 
chain trialkyl phosphates, because of their much-branched configuration, 
have abnormally high v.P.’s and the triaryl phosphates, having a fairly 
rigid and bulky configuration, have abnormally low v.P.’s. It is of 
interest to note that among the ester plasticisers w^hich have been in¬ 
vestigated, those showing significant variation in physical properties such 
as v.p. and temperature gradient of viscosity from the average behaviour 
of the phthalate esters, when incorporated in polyvinyl chloride composi¬ 
tions have imparted rather extreme properties. In a study of the visco¬ 
elastic properties of plasticised vinylite \nrNW, Aiken, Alfrey, Janssen 

® Barclay and Butler, Trans. Faraday Soc., 1938, 34, 1445. 

* This relation is probably only valid for di-esters. 
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and Mark* have observed marked differences in the two extreme cases 
of tricresyl and trioctyl phosphates, whilst dioctyl phthalate exhibits 
intermediate behaviour. 


TABLE I. 

Vapour I’ressure*Temperature Relations for the Phthalic Esters. 


Ester. 

A. 

B . 

AH 

kcal./g. mol. 

Graph Ref. 
No. 

A. Normal esters. 





Dimethyl .... 

4113 

11 *06 

l8*8 

1 

Diethyl .... 

4308 

II ‘26 

19*7 

2 

Dipropyl .... 

4634 

11*66 

21*2 

3 

Dibutyl .... 

4871 

11*75 

22*3 

4 

Dibutyl (redist. techn.) 

4875 

11*86 

22*3 

— 

Dibutyl * . . . . 

4680 

11*21 

21*4 

— 

Dibutyl * . . . . 

5122 

12*59 

23*4 

— 

Diamyl .... 

5191 

12*04 

23*7 

5 

Dihexyl .... 

5381 

11*98 

24*6 

6 

B. Branched-chain esters. 





Di (sgc-butyl) 

4899 

12*15 

22*4 

4a 

Di (2-ethyl hexyl) ® 

5590 

12*12 

25*6 

— 

Di (2-ethyl hexyl) ® 

5757 

12*47 

26*3 

ja 

Bi {3 : 5 : 5-trimethyl hexyl) . 

(>175 

13 * 3 ^ 

28.3 

8a 


TABLE 11 . 

Vapour Pressure-Temperature Relations for Long Chain Esters. 


Ester. 

A . 

. 

B . 

AH 

kcal./g. mol. 

iogio ^100 
(mm. Hg.) 

Graph 
Ref. No. 

A. Aliphatic. 






Adipate : 

Di (3 : 5 : 5-trimcthyl hexyl) 
Sebacates : 

5O22 

12*40 

25*7 

— 

13 

Dibutyl .... 

5022 

11*58 

23*0 

— 

9 

Dibutoxyethyl. 

6287 

13*34 

28*7 

— 

10 

Di (2-ethyl hexyl) 

5934 

12*25 

27*1 

— 

II 

Di (3 : 5 : 5-trimethyl hexyl) 

— 

— 

— 

5-85 

12 

Butyl acetyl ricinoleate 

B. Cyclic compounds with ali¬ 

5497 

11*71 

25*1 


14 

phatic chains. 
Tetrahydrofurfuryl oleate 

5 i 5 h 

10*92 

23*6 

_ 

15 

Mesamoll IV . 

— 

— 

— 

4-78 

17 

Dibenzyl sebacate * 

6320 

12*78 

28*9 



Dibenzyl sebacate 

C. Diterpene derivative. 

6116 

12*04 

28*0 

— 

16 

Ethyl abietate 



— 

2*03 

23 


Dibutyl I^ithalate, —v.p. data on this substance have been already 
published by Gardner and Brewer,’ Verhoek and Manshall,® Hickman, 
Hecker and Embree,* and Burrows.^® As these cover a wide pressure 
range and have been determined by a variety of methods, we have plotted 

" Aiken, Alfrey, Janssen and Mark, /. Polymer Sci., 1947, 2 , 178. 

’ Gardner and Brewer, Ind, Eng. Chem., 1937, 29, 179. 

* Verhoek and Marshall, J. Amer. Chem. Soc., 1939* 61, 2737, 

® Hickman, Hecker and Embree, Ind. Eng. Chem. (Anal.), i937» 9 t 264. 
Burrows, /. Soc. Chem. Ind., 1946, 65, 360. 
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them together with our own, for comparison, on Fig. 5, with the exception 
of the data by Gardner and Brewer, for temperatures below 150® which 
are obviously unreliable. It was unfortunately necessary to take some 
of the values from graphs. The boiling point was found by us to be 
338® c. at 753 mm., comparing with 340® (T.C.T.) and 339*2 (Handbook 
of Chemistry and Physics (Chemical Rubber Publishing Co.)). 

TABLE III. 


Vapour Pressure-Temperature Relations for the Phosphates. 


Ester. 

A. 

B. 

AH 
kcal./ 
g. mol. 

Iwgio PlOO 
(mm. Hg.) 

Graph 
Ref. No. 

A. Trialkyl phosphates. 






Tri(2-ethyl hexyl) phosphate 

5812 

12-85 

26-6 

— 

19 

Tri(3 : 5 : 5-trimethyl hexyl) 






phosphate 

5 f>o 7 

11*98 

25-6 

— 

20 

Tri(butoxyethyl) phosphate . 

5740 

12-51 

26-3 

— 

21 

B. Triaryl phosphates. 






Triphenyl phosphate 

— 

— 

— 

3 -t8 

2 2 

Tricresyl phosphate (techn.) 

5925 

I2-ho 

27-1 

— 

18 

Tri{w-cresyl) phosphate ^ 

(>088 

12-89 

27*8 

— 

— 

Tri(w-cresyl) phosphate * 

5373 

10-98 

24-9 

— 

— 

Tri(w-cresyl) phosphate 

5895 

12-22 

27-0 

— 

T8m 

Tri(/)-cresyl) phosphate ^ 

592 (> 

12-22 

27-1 




The equation, l()gio/> == 7*065 - -- (p in mm.), fits the 

data fairly well. This form of equation appeared better than an Antoine 
equation, or one with a term in log,© 2 \ However, the results of Vcrhoek 
and Marshall, though obtained by several methods, seem systematically 
high compared with our own and those of Hickman, Hecker and Embrce 
over the same pressure range. 

Imperial Chemical Industries Ltd,, 

(Plastics Division), 

Black Fan Road, 

Welwyn Garden City, 

Herts. 


A NOTE ON THE ULTRA-VIOLET ABSORPTION 
SPECTRUM OF FORMALDEHYDE. 

By A. J. Everett and G. J. Minkoff. 

Received iSth December, 1947. 

The ultra-violet absorption spectrum of formaldehyde has been re¬ 
ported as consisting of three main band systems; Henri and Schou ^ 
studied carefully the bands from 3700 a. to 2590 a., while Price * has 
investigated the bands at 1556 a. and at 1397 a. ; the band systems all 
have vibrational structure, and the 3700-2590 a. system also shows 
rotational fine structure. In no case have bands been observed between 
2590 A. and 1745 A. The purpose of this note is to record the detection 
of bands extending from 2590 a. to ca. 2310 a. ; these are apparently 

^ Henri and Schou, J. Chim. Physique, 1928, 25, 665 ; 1929, 26, i. 

* Price, J. Chem. Physics, 1935, 3 » 256. 
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of the same series as those between 3700 a. and 2590 a. The HCHO 
absorption spectrum is often used for following slow oxidations, and it 
is useful to have a complete knowledge of this spectrum, in order to be 
able to identify any other absorption bands appearing during oxidation. 
The detailed analysis of the bands from 3700 to 2590 a. was attempted 
by Henri and Schou (loc. cit.), and was modified by Herzberg ® ; the treat¬ 
ment failed for bands at wavelengths shorter than ca. 2900 a. ; further 

TABLE I. 

120 mm. of HCHO, at 180® c. Path length 200 cm. LC = 5*10 x 10*® 

molecules. 


Band Maxima 

(A.). 

to ( sec .). 

/(sec.). 

1 

iogiOf 

I , <0. 

LC’ 

X IO*>. 

25 (>i 

240 

7 

1-534 

0*299 

2550 

240 

25 

0*982 

0*192 

2343 

240 

48 

0*699 

0*137 

2321 

240 

42 

0*757 

0*148 

2493 

240 

48 

0*699 

0*137 

2884 

240 

78 

0*489 

0*096 

2470 

240 

130 

0*265 

0*052 

2461 

240 

I12 

0*330 

0*065 

245 & 

240 

108 

0*346 

0*068 

2431 

240 

104 

0*364 

0*071 


discussions have thus been restricted to the bands at the longer wave¬ 
lengths.* In view of the great difficulty of interpreting the absorption 
spectrum of HCHO, no attempt is made in this note to systematise the 
new bands, which wore first observed during a study of the reactions of 
peroxides with aldehydes.® 

The experimental conditions 
differed slightly from those of 
previous workers ; the path length 
of 200 cm. was twice that used 
by Henri and Schou, and the con¬ 
centration of formaldehyde was 
up to ten times greater. The for¬ 
maldehyde vapour was obtained 
from paraldehyde by six successive 
fractional distillations, the pro¬ 
duct being cooled at the tempera¬ 
tures of solid COj and of liquid 
air.* In order to reduce fogging 
of the windows of the absorption 
tube by deposition of polymer, 
the absorption tube, connecting 
tubes, and mercury manometer 
were heated. It was shown that the temperature did not materially 
affect the absorption bands. The mercury manometer was disconnected 
after the pressure had been measured; enough mercury vapour remained 
in the absorption tube for the Hg line at 2537 a. to appear in absorption. 

* Herzberg, Trans. Faraday Soc., 1931, 37, 378. 

* Dieke and Kistiakowsky, Physic, Rev., 1934, 45, 4. Sponer and Teller, 
Rev. Mod. Physics, 1941, 13, 113. 

* Bunton, Everett, Halberstadt and Minkoff, Nature (in the course of pub¬ 
lication). 

* Spence and Wild, J. Chem. Soc., 1935, 338. 


TABLE II. 


Main Band Heads (a.). 


25^7 

2540 

2519 

2487 

2483 

2477 

2453 

2424 

2421 

2416 


Band Maxima (for weak 
bands) (a.). 


2395 
2371 
2338 
2325 ? 

2317 ? 

2303 ? 
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A hydrogen discharge tube which gave light of constant intensity was 
used as a source of u.-v. radiation. The spectra were photographed on 
Ilford Zenith plates with a Hilger medium quartz spectroscope. Wave¬ 
lengths were determined by comparison with an iron arc spectrum photo¬ 
graphed on the same plate. In order to determine extinction coefficients, 
photometer deflections were measured at wavelengths corresponding to 
absorption maxima for different exposures of the hydrogen continuum 
on the same plate as the HCHO absorption spectra. The time of ex¬ 
posure t of the hydrogen continuum was then found which gave the same 
photometer deflection as a particular absorption peak. The approximate ♦ 
extinction coefficient e was then calculated from the formula 


e 




where L is the path length, in cm., 

C is the number of molecules of HCHO per cm., 
and /q is the time of exposure of the HCHO spectrum. 

Extinction coefficients were calculated for the main absorption bands, 
from spectra taken with a pressure of 120 mm. of HCHO. Photographs 
of the hydrogen continuum taken before the absorption tube had been 
filled with HCHO, and after it had been evacuated once more, showed 
that the windows had not become obscured (Table 1 ). When a pressure 


TABLE III. —Band Maxima from 2500 to 3700 a. 
(from Henri and Schou). 


3700 

3170 

2952 

2738 

353 i 

3143 

2933 

2712 

3431 

3120 

2906 

2680 

338^ 

3089 

2884 

2670 

3295 

3054 

2807 

2630 

3260 

3030 

2792 

2615 

3238 

3010 

2756 

2592 

3203 

2979 




of 250 mm. of HCHO was used, absorption bands were more clearly defined 
(see Plate I), but some fogging of the windows occurred, making it im¬ 
possible to obtain correct values of the extinction coefficients. A scale 
has been superimposed on the photometer trace shown on Plate I, in¬ 
dicating the lengths of exposure (in sec.) of the hydrogen continuum to 
give the corresponding deflections (plotted linearly as ordinates). The 
positions of the main band heads are shown in Table II. A photograph 
of the absorption spectrum of HCHO at wavelengths greater than 2590 a. 
is also shown on the Plate ; it was obtained with a pressure of 4 mm. 
of HCHO. As the pressure of HCHO was increased, absorption in this 
range became complete, and the new bands 2590-2310 a. appeared. 
For the sake of completeness, the positions of band maxima between 
3700 A. and 2590 A. are shown in Table III, which is based on the data of 
Henri and Schou ; these authors do not quote numerical values of the 
relative intensities of the bands. 

The authors wish to thank Prof. Sir Alfred C. Egerton and Dr. A. Gaydon 
for their interest and advice. 

Department of Chemical Engineering and Applied Chemistry, 

Imperial College of Science and Technology, 

S.W,T. 


* Since exposures, and not intensities, were used, the results are approximate. 




(a) Absorption sportniiii of TTCHO vapour. I’atli lonpth joo cm. Pressure \ mill. 
Iron arc comparison spt ctrum. 

[h) Absorption spectrum of H('IK) vapour. Path hmgth 200 cm. Pressure 230 mm. 
(f) Microphotonietcr record of (//). 
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EXPERIMENTS ON THE ELECTRODEPOSITION 
OF BRASS FROM CYANIDE SOLUTIONS. 

By Tarapada Banerjee and A. J. Allmand. 

Received i^th December, 1947. 

Although many papers have appeared on the electrodeposition of 
alloys, with few exceptions their interest has been primarily a technical 
one. In no case have even the conditions for the deposition of the whole 
composition range of a binary alloy been determined in detail, nor have 
the internal structures of such a set of alloys been systematically examined. 
As a first step to further investigations, we chose the zinc-copper alloys 
for study, largely because, apart from their intrinsic interest, a good deal 
of valuable work, most of it semi-empirical, had already been done on 
that system. Using two major variables only, we have prepared alloys 
containing from 0*98 to 99* 13 % Cu, and have examined their structures 
by X-ray analysis. Whilst the results are of interest from more than one 
point of view, it must be made clear at the outset that the paper has no 
direct bearing on the electroplater’s problems ; some of the deposits 
were “ burnt " and quite unsuitable for decorative or other commercial 
purposes. No attention indeed was paid to this aspect of the subject. 

We employed the complex cyanide electrolyte used by the great 
majority of previous workers. In view of what has already been said, 
it seems unnecessary to refer in detail to earlier publications, of which 
the great bulk have been concerned with the deposition of yellow or 
a-brass. Some few authors have examined the crystal structure of their 
products, Nakamura ^ found that a deposit with 82-48 % Cu had the 
face-centred cubic structure of a-brass, the value of the a© lattice para¬ 
meter being essentially identical with that of a thermal brass of the same 
composition. Kersten * obtained deposits which showed in one case an 
a-, in another an (a-j3)-structure, while Kersten and Maas,® using electro¬ 
lytes with varying high Zn/Cu ratios, prepared brasses with 11-4-21-4 % 
Cu, all of which had the c-structure. The limits of the c-brass field as 
given by the thermal diagram * for 200° c. are at 13-4 and 20-6 % Cu, 
and there is no reason to believe that these limits will appreciably differ 
at lower temperatures (Kersten and Maas worked at 50°). At each end, 
therefore, of its composition range, the c-brass field had encroached on 
one of the adjacent heterogeneous (i;-c ; e-y) fields. A more elaborate 
study of this kind was carried out by Stillwell and others • on electro- 
deposited Ag-Cd alloys. Using relatively small volumes of unstirred 
complex cyanide electrolyte, and keeping the current density constant 
in any given experiment, they prepared about 20 alloys of compositions 
between 5-98 % Ag, varying bath composition, c.d. and temperature in 
their different experiments. The results of the structure determinations 
were exceedingly complex. Only in one case did the deposit consist of a 
single phase, and only in two cases of two adjacent or congruent phases. 
The great majority of the products were reported as containing 3, 4 or 
even 5 metallic phases, often including the pure metals ; in addition, 

^ Sci, Papers Inst. Phys. Chem. Res., Tokyo, 1925, 2» 287. 

* Ind. Eng. Chem. (Anal.), 1932, 4 f 178. 

* J. Physic. Chem., 1932, 36, 2175. 

* Raynor, Annotated Equilibrium Diagram Series, No. 3 (Institute of J^etals, 

1944). 

*/. Amer. Chem. Soc., 1932, 54, 2583 ; 1933, 55, 1864. 

28 *♦ 819 
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Cd(OH), was sometimes present. In nearly every case the predominant 
metal phase in the electrodeposit was also present in a thermal alloy 
of the same composition. 

From a general point of view it might be anticipated that, the more 
elaborate the state of order in the crystal, the less likely is this to be 
produced under the conditions of electrodeposition at low temperatures. 
A good example is furnished by electrolytic manganese ; a-Mn, stable 
at room temperature, has a complex cubic structure, the unit cell con¬ 
taining 58 atoms. Electrolytic manganese when first deposited has the 
tetragonal structure of y-Mn, stable above 1191° c., and with the pro¬ 
perties (softness, electrical conductivity) characteristic of a true metal.* 
On standing, however, it changes in the course of days to the stable 
a-form, and becomes brittle.’ With such facts in mind, it seemed that 
similar circumstances might affect the electrolytic formation of y-brass, 
with its 52 atoms per unit cell and a structure closely resembling that of 
a-Mn, This anticipation was, in fact, confirmed by our results. 

Experimental. 

All experiments were carried out at room temperature. The electrolyte 
was made up from cuprous, zinc and sodium cyanides, caustic soda (B.D.H. 
analytical reagents) and distilled water. Where the same electrolyte was used 
repeatedly in a series of runs, it was analysed for copper and zinc after each 
electrolysis, and its composition adjusted by the suitable addition of one or more 
of the constituents, including water. In all experiments a solid cylindrical 
cathode of Staybrite steel was used (height 6*35 cm., diam. 2*5 cm.) with an 
estimated effective surface area of 53 cm.*. The deposit could be readily stripped 
from it, and it was not affected by the cyanide solution. The concentric annular 
anode (height 6*35 cm., internal diam. 6*i cm.) was of copper, zinc or 60/40 
brass, according to requirements. The first and second of these were con¬ 
veniently used when the Cu/Zn ratio in the electrolyte was very high and very 
low respectively. 

Current was supplied from storage cells, and measured on a 2-range (o-i, 
o-io amp.) Siemens ammeter. As, in the great majority of the experiments, the 
current strength varied with time, frequent readings were taken, and the area 
under the current-time curve measured with a planimeter, in order to obtain 
the total coulombs passed and the current efficiency. Cell voltages could be 
read to 0’05 v. on a We.ston voltmeter. Cathode potentials were measured to 
o'ooi V. on a Cambridge vernier potentiometer. The reference electrode was 
amalgamated zinc in 0*0327 m. .sodium zincate, connection being made by a 
Luggin capillary containing the same cyanide solution as in the bath, pn 
measurements were made by a glass electrode (Alki Electrode of the Cambridge 
Instrument Co.), combined with a T.F. 452^H-meter (Marconi-Ekeo Instruments, 
Ltd.). The latter was standardised by buffer solutions of pn 10 and pn 12. 

In some few experiments, the potential of the depo.sited alloy was measured, 
as described, in the bath after the end of the run. Usually the electrode was 
removed from the bath immediately after interruption of the current, washed 
in distilled water, and its potential directly measured agaist zinc in 0*0327 m. 
zincate. It was then again washed successively with water and alcohol, dried 
in an exsiccator, weighed, and the deposited bra.ss shaved off, avoiding the 
portions near the edges of the cylindrical cathode. Any residual metal was 
dissolved off with ammoniacal (NH4),S,08, and the electrode washed successively 
with distilled water, dil. HCl and distilled water, in preparation for the next run. 
The anodes were scratch-brushed after each experiment. 

The analytical methods used for determining Cu and Zn in the electrolyte, 
which gave reproducible and concordant results, were founded on those employed 
by Meyer* and by Coats,* and will not be described in detail. After driving 
off the HCN, copper was determined electrolytically in acidic nitrate solution, 
using a rotating cylindrical gauze cathode, and zinc then estimated in the same 

® Persson and Oehman, Nature, 1929, 124, 333. Brunke, Ann, Physik. 

(v), 1934. 139. 

’ Bradley, Phil, Mag., 1925, 50, 1018. Westgren and Phragmen, Z. Physik., 
1925. 33 * 777 - Brunke, (ref. 6 ). 

, Amer. Electroplaters* Soc., 1938, 25, 180. 

* Trans. Electrochem. Soc., 1941, 80, 445. 
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sample by titration at 8o° with K4Fe(CN), in an acidified NH4CI solution, using 
uranium acetate as external indicator. The same methods were used for the 
analysis of the deposits, about o*03-o*2 g., depending on the proportion of copper 
present, being used for the estimation. The results were so consistent that, 
as the work progressed, it became usual to determine the copper content of the 
deposit only. 

The X-ray powder photographs were taken by means of a Metropolitan- 
Vickers set (9 cm. camera), using copper radiation (0*019 mm. nickel filter). 
No attempt was made at this stage to get results of high precision,^® as our mam 
aim was the qualitative identification of the different phases of brass present in 
our deposits. In this, we were much helped by the British Non-Ferrous Metals 
Research Association, who prepared and placed at our disposal five thermally 
equilibrated specimens of cast brass (a, 76*68 % Cu ; jS, 51*00 ; y, 36*37 ; c, 16*53 ; 
•q, 0*54), covering all the single phases stable at room temperature, to serve as 
comparison X-ray standards. This greatly facilitated our work in its earlier 
stages. 

Preliminary Experiments. 

The first experiments were carried out using a small volume(250 cc.) of 
electrolyte, the current being constant during any given run and the cathode 
sometimes rotating, sometimes stationary. The significant results can be 
summarised as follows. 

(1) In all but two experiments, the cathodic deposits contained either one 
or two (adjacent) brass phases only. The correspondence between the com¬ 
position of an alloy and its phase attribution was, however, not the same as for 
thermal alloys ; in zinc-rich deposits, the iy-phase seemed favoured at the expense 
of the €-phase, and in alloys of intermediate compositions, both c- and jS-phases 
were favoured at the expense of the y-phase. 

(2) In two cases, the X-ray data showed the deposits to contain three different 
constituents (17-, €- and y-brasses), a result not possible for an alloy in thermal 
equilibrium. Subsequent experiments showed that one reason for this type of 
result was the successive deposition of different phases or mixtures of phases, due 
to changes in composition of electrolyte, which calculation had shown to be 
appreciable during the course of a single run. 

(3) Such changes in nature of deposit at constant current were further shown 
to be bound up with changes in cathodic deposition potential. Thus, Fig. i 



shows the results of two experiments, E. 21 and E. 23 (cathode rotating and station¬ 
ary respectively), in which the cathode potential was measured every 5 min. 
against a sheet of pure zinc in the bath itself, and the appearance of the deposit 
during the electrolysis continually noted. Deposition of alloy in each case 
commenced after about i hr., the first deposit having the pinkish-red appearance 
characteristic of / 3 -brass,^^ and the polarisation at constant c.d. increasing. In 

It may be added at this point that we have not attempted to distinguish 
between the ordered and disordered forms of the ]8-phase. ^ 

The nature of a brass electrodeposit can largely be gauged from its colour. 
a-Brasses rich in copper are red, and yellow at the zinc-rich end of their range. 
/ 5 -Brasses are pink, rather than a full red, y-brasses silvery white, c-brasses grey. 
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£. 23, this stage was succeeded by a-brass deposition (colour), but after 145 
min., owing to the development of a poorly conducting layer on the anode, the 
experiment had to be concluded. 

In £.21, as will be seen, the formation of white y-brass succeeded the pro¬ 
duction of the a-phase, whilst, at 160 min., there was an abrupt fall in cathode 
potential, with the appearance of a grey deposit, subsequently darkening in 
colour after another, smaller, potential drop. These last deposits doubtiess 
contained e- and probably 17-brass. In this region exact control of the current 
was difi&cult, and led to potential fluctuations. Moreover, if at any time during 
the electrolysis the stirring were interrupted for a brief interval, the potential 
rose steadily to about — 0*48 v., and the colour of the deposit changed from 
whatever it happened to be, according to the sequence, grey -> white -> pink 
yellow. On resuming the stirring, the original potential and colour were 
reverted to. 

It may be added that, in these experiments, the copper content of the electro¬ 
lyte rose steadily and considerably throughout the run, whilst that of the zinc 
rose slowly during the first 2 hr. and then remained almost constant. The " free 
cyanide concentration (i.e. the concentration of NaCN in excess of that needed 
to form the ions Cu(CN)a" and Zn(CN)4") dropped rapidly throughout and soon 
became negative, whilst the OH' concentration increased. 

As the production of a particular phase of brass seemed to be associated 
with a particular cathode potential or cathodic potential range, experiments 
were carried out, on a small scale as before, in which, within each run, the 
current was no longer constant, but was continually adjusted in order to main¬ 
tain the cathode potential, measured as described earlier against zinc in 0*0327 M. 
zincate, at a fixed and predetermined figure. Fifteen experiments were carried 
out. The molar electrolyte concentrations were as follows : 



CuCN. 

Zn(CN)8. 

NaCN. 

(1) E. 31-39 

0-357 

0*0681 

0*90-1*14 

(2) E. 40 

0*0893 

0*273 

0*98 

(3) E. 24, 28-30 

0*0446 

0*290 

0*82 

(4) E. 41 

0*0223 

0*324 

0*82 


In every case the NaOH was 0*0327 n. 

The results are summarised in Table I. The second column in each case 
contains the cathode potential, referred to zinc in 0*0327 m. zincate. An X-ray 
structure designation enclosed in parenthesis denotes a constituent present in 
small proportion or as a trace as judged by the intensity of the relevant lines. 


TABLE I. 


Serial 

Number. 

n. 

% 

Cu. 

Structure. 

Serial 

Number. 

71 . 

% 

Cu. 

Structure. 

E. 33 

“ 0*355 

69*4 

a 



34‘8 


E. 34 

— 0*25 

59*1 

a, P 

E. 40 

— 0*14 

y 

E. 36 

— 0*22 

52-1 

P(OL) 





E. 32 

— 0*182 

51*2 

P 

E. 28 

- 0*57 

47*3 

P y 

E. 37 

— 0*14 

48*0 

y 

E. 24 

— 0*65 

34*0 

y 

E.31 

---o*o8i 

43*4 

P. y 

E. 29 

- 0*177 

30*5 

y. € 

E. 38 

— 0*080 

35*2 

y 

E. 30 

-0*133 

27*9 

y> c 

E. 39 

— 0*041 

18*4 

€ 

E. 41 



P. y 

E. 35 

— 0*021 

1 

1*64 


“ 0*355 

39*6 


The most striking features of Table 1 are that all the deposits consist of either 
one single or two adjacent phases, and that the structures agree in every case 


sometimes with a blueish tinge, and 17-brasses, also grey, are normally darker 
in colour than c-brass. Mixtures have the colours to be anticipated from the 
above. Thus, (/J-y)-mixtures are light pink to pinkish-white, (y-c)-mixtures 
dull white or greyish-white, etc. 
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with the thermal structures ; it would seem that electrolysis at constant potential 
is the essential condition which has led to such results. It seems also definite 
that, at the same cathode potential, an increase in the Cu /Zn ratio in the electro- 
l3rte leads to a corresponding increase in the copper content of the deposit (cp. 
E. 41 and 33, E. 29 and 32 ; E. 30, 40 and 37). This is as would be expected 
and in accordance with general experience. In our case, however, it also leads 
to the conclusion that, by suitable variation of the two factors, cathode potential 
and Cu /Zn ratio in the electrolyte, it might be possible to deposit the whole range 
of electrolytic brasses in pure form. 

It has been mentioned that the current was continually adjusted during 
electrolysis in order to keep the cathode potential constant. Whilst sometimes 
its value rose, frequently this procedure led to it dropping to very low figures 
at the end of the standard 2-hr. run, and one cause of this behaviour was cer¬ 
tainly bound up with the changes in the composition of the electrolyte taking 
place during a run. Although it had been shown that a controlled cathode po¬ 
tential led to a deposit consisting of a definite phase or phases, it was therefore 
plainly desirable to use a large volume of circulating electrolyte in order to 
minimise concentration changes and thus to allow the use of reasonably high 
and constant c.d., whilst avoiding possible changes in composition of deposit 
occurring within the limits of existence of a single phase. 

Main Experiments. 

After an unsuccessful attempt with a cell through which a large volume 
of electrolyte was caused to circulate by gravity, the apparatus was redesigned, 
and all subsequent experiments were 
carried out with the cell shown in Fig. 2. 

C is the Staybrite cathode and A the 
anode. G is a Pyrex tube, having a 
side-tube at H. The rod S, to which 
are fixed four blades at P, curved in 
plan, rests on a pivot set in a disc of + 

Perspex. These metal parts are all of 
stainless steel. The Perspex disc and 
the sides of the Pyrex tube have holes 
for the free passage of the electrolyte 
when the blades work. When the stirrer 
revolves, in our experiments at 700 
r.p.ro., the electrolyte is vigorously cir¬ 
culated up to, under and around the 
cathode, thus preventing any local 
changes in concentration due to elec¬ 
trolysis. The beaker (4*5 1 . ; volume 
of electrolyte 4-4*5 I.) has an ebonite 
lid, with holes for the introduction of 
electrodes, the zincate auxiliary elec¬ 
trode at Z and the tightly fitting P^ex 
tube. The design thus allows of vigor¬ 
ous stirring of the electrolyte, with the 
minimum of contact with air. 

Seven series of experiments were Fig. 2 . 

carried out (Table II). The total 

molarity of CuCN and Zn(CN)| was kept constant at 0*500. The amount of 
NaCN present was determined empirically as that sufficient to keep the cyanides 
in solution and to permit of ready anodic solution of the anodes. No claim 
is made that the optimum concentrations required for those ends were used. 
In every case, the solution contained 0*0327 N. NaOH. 

The figures in column 7 are calculated on the basis of the suggestion of Pan 
that the complex zinc ion present in brass plating solutions is Zn(CN)', and not 
Zn(CN)'4 ; they are inserted because, if this is true, there then is little difference 
between the amounts of “ free cyanide ** present in the different series. 

It can be stated at once that the results of the experiments fulfilled expecta¬ 
tions. As in the earlier runs at constant cathode potential (Table I), ^1 the 
deposits consisted either of a single or of two adjacent phases. Calculations 
made as before on the concentration changes during electrolysis, and qpnfirmed 
by analyses of the electrolytes, showed negligible concentration changes to have 

Trans, Electrochem. Soc., 1932, 62, 63. 
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taken place during a single run. Any changes in pn during electrolysis were 
trifling. In agreement with these facts, experiments carried out to see whether 
the composition of the deposit under given conditions was independent of time 
gave satisfactory results. 

Changes in current during a run still took place, but usually only during the 
initial period of the electrolysis (for vaiying times up to perhaps 40 min.), and it 
was clear that they were essentially dependent on changes in the cathode surface 
during deposition, and were not a consequence of changes in the electrolyte. 

TABLE II. 


Series. 

No. of 
Runs. 

CuCN 

(M.). 

2 n(CN)* 

(M.). 

Total 

NaCN 

(M.). 

Free NaCN. 


Cu(CNy, 

Zn(CNr 4 . 

Cu(CNr8 

Zn(CN)'*. 

A 

2 

0*499 

0*001 

1*50 

0*50 

0*501 

11*12 

Y 

8 

0*49 

0*01 

1*50 

0*50 

0*51 

11*17 

F 

20 

0*45 

0*05 

1*50 

0*50 

0*55 

11*26 

S 

7 

0*07 

0*43 

I-I 5 

0*15 

0*58 

10*65 

X 

5 

0*04 

0*46 

1*05 

0*05 

0*51 

10*67 

w 

7 

0*01 

0*49 

1*06 

0*06 

0*55 

10*92 

N 

14 

0*001 

0*499 

1*05 

0*05 

0*549 

10*90 

1 


During our work we tabulated many observations, which need only be sum¬ 
marised here. In particular, data on c.d., time of electrolysis, coulombs passed, 
yield and current efficiency are not given in detail, in view of the varying degrees 
to which the non-typical conditions at the beginning of the electrolysis affected 
these results. The more-or-less constant c.d. observed in the later stages of 
electrolysis varied between the following limits in the different series. The 
second line contains the corresponding cathode potentials, in the great majority 
of cases also the limiting values. 


A. Y. F. S. 

Amp./dm .2 . 2*84 ; 0*15 1-51 ; 0*22 1-62 ; o’i6 0*83 ; 0*33 

TT (v.) . . —0*5 ; —0*2 —0*5 ; —0*05 —0*3 ; —0*005 —0*4 ; — o*oi 


Amp./dm.* 

ir (V.) . 


X. W. N. 

1*10 ; 0*64 2*84 ; 0*094 2*51 ; 0*12 

— 0*4 ; —0*05 —0*4 ; —o*oooi —0*25 ; —0*005 


Increased polarisation naturally results in increased c.d. This effect is 
much more pronounced in those series where the ratio Cu/Zn in the electrolyte is 
either very high or very low than in others (cp. A and N with S and X). 

Duration of electrolysis varied between 10-500 min. and total amp.min. 
passed between 12*0-67*0. Apart from one very exceptional case (F. 24 ; 0*04 g.), 
the weights of alloy deposited varied between 0*16-1*60 g. 

Current Efficiencies.—Owing to differences in the rates of hydrogen evolu¬ 
tion before and after the steel cathode is completely coated with brass, current effici¬ 
encies calculated from the planimetric ampere-min. results and the weights and 
analyses of deposits will not correspond exactly with those to be expected on 
long continued electrolysis. They are shown graphically in Fig. 3, the two points 
in Series A being plotted (broken curves) on diagram Y. For the actual 
% compositions of the deposits, reference should be made to Table III. F, 21, 
which gave an abnormal and unexplained result, is omitted and, where two or 
or more determinations were carried out under identical conditions, the mean 
value has been plotted. The two lower sets of curves represent the percentages 
of current employed in the deposition of copper and of zinc, whilst the upper 
set gives the total current efficiency of brass deposition or, read from above 
downwards, the percentages of current concerned with hydrogen evolution. 

^For reasons already given, the results only justify discussion in outline. 
Comparison between the different copper and zinc curves should, however. 



TARAPADA BANERJEE AND A. J. ALLMAND 825 

indicate the relative magnitudes of the factors affecting the ease of deposition 
of copper and of zinc ions, whilst the upper set of curves might be expected to 
link up with the nature of the surface as affecting hydrogen evolution. Following 
the sequence Y F S X, the copper curves all rise, but less rapidly, with 
increasing polarisation, fall off at higher polarisations in W and, in the case of 
N, fall from the lowest cathode potential applied. Two factors would seem to 



be operative—increased rate of deposition of Cu* ions as the cathode potential 
becomes more negative, and a superposed concentration polarisation due to the 
slow rate of dissociation of the complex cyanide ion. There is no abrupt change 
in the type of curve observed on passing from F to S, in spite of the large changes 
in both the copper content and the Cu/Zn ratio in the electrolyte. Tl^ deposi¬ 
tion of zinc can be formally considered to be governed by the same factors, with 
the differences that the maximum rate of discharge of Zn*» ions, before concen¬ 
tration polarisation becomes effective, would seem to be reached at much lower 
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cathodicpolarisations, and that the exhaustion efiect comes in correspondingly 
early. This preferential discharge of zinc ions at low cathode potentials and 
the characteristic shape of the (current efficiency —w) curves when compared 
with those for copper, are perhaps best realised by comparing Y and W diagrams, 
where Cu/Zn and Zn/Cu ratios in the electrolyte are respectively identical 
(49/1). Only in diagram N does the zinc curve not fall markedly at high 
polarisations. 

TABLE III. 


Serial 

Number. 

71 . 

%of 

Copper. 

Structure. 

Series A. 



A. I 

1 - 0*5 

1 99*1 

1 “ 

A. 2 

1 —0*2 

1 90*1 

1 a 

Series Y. 



Y. I 

- 0*5 

90*3 

a 

Y. 4 

-0*5 

90*5 

a 

Y. 3 

-0*5 

90*0 

a 

Y .7 

- 0*2375 

62*7 

a(^) 

Y. 2 

-0*15 

52*9 


Y. 6 

—0*1 

49-8 

P 

Y. 8 

-0*1 

49*5 

P 

Y. 5 

—0*05 

49*1 

P 

Series F. 



F .9 

-0*45 

76*7 

a 

F. 17 

- 0*39 

71*4 

a 

F. 8 

- 0*35 

68*7 

a 

F. 23 

—0*30 

63*4 

a 

F. 5 

— 0*25 

6o*8 

a(/ 5 ) 

F. 15 

—0*20 

50*8 

P 

F. 12 

-0*175 

47*5 

P 

F* 4 

-0*15 

49*0 

P 

F. II 

-0*125 

35*2 

y 

F. 19 

—0*125 

36*0 

y 

F. 21 

—0*125 

53*3 

Pio^) 

F. 6 

—0*10 

39*4 

y 

F. 10 

-0*10 

39*0 

y 

F. 13 

-0*075 

37*3 

y 

F. 14 

-0*075 

37*1 

y 

F. 16 

—0*05 

34*9 

y. € 

F. 18 

—0*03 

32*8 

^ (y) 

F. 20 

—0*025 

32*8 

y. € 

F. 22 

-0*125 

29*6 

e(y) 

F. 24 

—0*005 

28*9 

? 


Serial 

Number. 

7 t. 

% 0 f 

Copper. 

Structure. 

Series 

s. 



S. 6 

- 0*4 

60*1 

a, /5 

S. 7 

- 0*3 

50*5 

P 

S. I 

— 0*2 

40*8 

YiP) 

S. 2 

— 0*1 

35*9 

y 

S .3 

—0*05 

32*6 

y. « 

S. 4 

-0*01 

32*6 

*(y) 

s. 5 

-0*005 1 

31*9 

* (y) 

1 Series X. 



X. 2 

- 0*4 

48*6 

P(y) 

X. I 

—0*2 

38*0 

y 

X. 3 

—0*1 

23*6 

y. « 

X. 5 

-0*1 

23*9 

y. « 

X .4 

—0*05 

25*0 

*(y) 


Series W. 


W. 5 
W. 4 
W. 6 
W. 7 
W. I 
W. 2 
W. 3 

Series N. 


N. 4 
N. 6 
N. 9 
N. 12 
N. I 
N. 8 
N. 2 
N. 3 
N. 13 
N. 14 
N. n 
N. 10 
N. 7 
N ,5 


- 0-4 
— 0*2 
■“0*15 
— 0*1 
—0*05 
—0*005 
— 0*0001 


- 0*4 

-0*3 

—0*25 

—0*225 

—0*2 

-0*15 

—0*1 

—0*05 

-0*045 

-0*04 

-0*0375 

-0*025 

-0*015 

—0*005 


18*1 

19*2 

19*7 

21*2 

22*2 

28*9 

27*9 


0*98 

1*19 

1-55 

2*02 

2*42 

3*28 

5*22 

6*42 

6-97 

8- 8i 

9- 67 
12*1 
14*1 
15*2 


e 

«(y) 
y 

c, (y) 


V 

V 

V («) 

T?, € 

'n> « 

« iv) 
^ (v) 
€ 

€ 


The high H* discharge at the lowest values of rr (and of c.d.) can certainly 
largely be attributed to the relative importance of the initial period during which 
the steel cathode is being coated with brass. Apart from any differential effects 
of hydrogen overvoltage, all the conditions are present for local galvanic action 
resulting in^ re-solution of the deposited brass. The decrease in total metal 
current efficiency at high polarisations will certainly be partly due to the slow 
rate of regeneration of Cu* and Zn** ions by dissociation of the complex C5ranide 
ions. Thompson has, however, shown that, in our c.d. region, hydrogen 
overvoltage falls from its high value for tj- and (17-^)-brasses to a marked minimum 

^ Trans. Electrochem. Soc., 1931, 59, 115. 
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at about 15*18 % Zn (c-bra$s), rises again to a maximum in the y*brass region, 
and then falls progressively through the p- and a-regions as the percentage of 
copper increases. This accords qualitatively with the course of the upper set 
of curves subsequent to the maximum in diagrams Y, F, S, X and W, and is in 
agreement with the shape of the corresponding curve in N. 

With the exceptions of the ranges 90-100 % and 7-18 % Cu, brasses of all 
compositions were deposited, in one series or another of our experiments, at 
current efficiencies exceeding 60, and usually, 75 %. It is probable that, to 
deposit a*brasses rich in copper with high efficiency, electrolytes with a lower 
pH would be necessary, whilst the 50-60 % efficiencies found for the second group 
are probably connected with the low hydrogen overvoltage in this composition 
region. Differential overvoltage effects may also account for the nature of the 
current variations noticed at the beginning of the runs. 



Currents which fell off with time, tending to a constant low figure, were always 
associated with the formation of a*, or y-brass and their mixtures. On the 
other hand, initial currents which rose and tended to settle down at a higher 
figure were obtained when the deposits were two-phase, containing c-brass 
as one constituent. Both these sets of results can be plausibly explained on 
the basis that a-, p- and y-brasses have higher, and the (c-y)- and (c-iy)-mixtures 
lower, overvoltages than Staybrite steel, and the work of Thompson already 
alluded to,'* and other experiments carried out by him with collaborators 
on Fe-Cr and Fe-Ni alloys give general support to this view. Cases where 
the current passed through a maximum or minimum value are more dif&cult 
to explain, and in view of what is said later about probable changes in the nature 
of the deposit itself during or after deposition, no further discussion will be 
attempted. 

Cathode Potential and Composition of Deposit. —The results are 
summarised in Table III. 

One very obvious discrepancy's shown in F. 21, for which no satisfactory 
explanation can be given. 

The data are plotted in Fig. 4, together with the figures for E. 31-59 (broken 
curves) obtained with a stationary electrolyte (Table I). Whilst tne latter, 

Trans, Electrochem. 5 oc., 1931, 60, 229 ; 1934, 65, 221. 
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at higher n values, lie close to those of Series F, to which the Cu/Zn ratio in the 
electrolyte most nearly corresponded, at low polarisations they diverge in the 
direction of deposits of lower copper content. 

Whereas in Series N and W, where the Zn/Cu ratio in the electrol3rte is high, 
increasing values of n result in a brass of higher ainc content, this is the reverse 
in Series A, Y and F containing a preponderance of copper in the bath, and also 
in Series S and X, with a high Zn/Cu ratio, although lower than the values in 
N and W. One striking feature is the marked tendency for the curves to ap¬ 
proach one another in the region of 30 % Cu in the deposit and at low values 
of TT. Reference to Table III shows that, at the lowest polarisations worked at, 
(£-y)-mixtures are the product in all of the Series F-W. Variation in tt is seen 
to have little effect on the composition of the deposits obtained in W, and similar 
variations have a rather greater effect of an opposed nature in X and S. This 
suggests that, for some electrolyte of Cu/Zn ratio intermediate between W and X, 
the dependence of composition of deposit on cathode potential would be reduced 


to a minimum. 


Graphs of % copper in the brass against log 


[C^ 

[Zn] 


in the electro¬ 


lyte for different applied cathode potentials give a sheaf of curves which intersect 
in the region corresponding to about 26 % Cu in the deposit and a Cu/Zn ratio 
in the electrolyte of about o*o 17/0*483. 


Comparison between the Phases of Electrolsrtic and Thermal Brasses. 

—As mentioned, all deposits formed at a constant cathode potential 
consist of one phase only or of two congruent adjacent phases. A detailed 
summary of the results is set out in Fig. 5, which also gives the limits of 
existence of the stable thermal alloys.^ Five composition ranges of 
electrodeposits not covered by our experiments are indicated in black ; 
the largest, at the junction of the c- and (€-y)-fields, lies between 21 24 and 
22*2 % Cu. There arc also three composition ranges where the structure 
results are contradictory. At the (€-y)/y-boundary, E. 24 and E. 40 
show the y-structure, whilst F. 16 is e, y; at the j 3 /(/ 3 -y)-boundary, 
F. 12 is p but E. 37 and X.2 are P { y ) ; finally, at the (a-j 8 )/j 3 -boundary, 
E. 36 is p{(x) and Y. 2 is p. 

Certain points are obvious on a first inspection. The composition 
ranges of the a-, e- and ij-phases are all greater for the electrodeposits 
than for the thermal alloys. The reverse is true for the p- and y-phases, 
if the definitely homogeneous one-phase fields are considered. Some of 
these conclusions are consistent with those already recorded in the pre¬ 
liminary experiments and with the observations of Kersten and Maas,® 
who prepared electrolytic c-brasses containing both more and less copper 
than correspond to the thermal stability limits. If the disputed range 
at the junction of the (c-y)- and y-phases is attributed to the y-field 
(i.e. F. 16 becoming y), then the lower limit of the y-field will lie exactly 
at the point (32*8 % Cu) corresponding to thermal equilibrium, but the 
range of existence of y-brass in the electrodeposits remains in any case 
less than that in thermal brass. In the case of j 3 -brass, if the doubtful 
) 3 /(j 3 -y)-range is attributed to the (j 3 -y)-field (i.e. F. 12 becoming {p-y)) 
and the (a-) 3 )/] 3 -rangc to the jS-field (i.e. E. 36 becoming p), then the 
existence ranges of electrolytic and thermal jS-brasses (49 0-53 *3 % Cu) 
will precisely coincide. 

One further point should be noted. In Table III, the X-ray indica¬ 
tions for (c-y)-mixtures are all of the c-, y- or €(y)-types, and their 
distribution over the composition range is not as would be anticipated. 
In Fig. 5, the alloys described as €(y) are shown with an oblique upper 
tag. Instead of being concentrated at the zinc-rich end of the zone, 
they are scattered over the whole range. The different qualitative 
ascriptions assigned to three pairs of alloys of identical composition (F. 18 
and 20 ; S. 3 and 4 ; E. 30 and W. 3) are striking in this connection. 
Moreover, in no case did the relative intensities of the lines in the X-ray 
diagrams suggest a high preponderance of y with a small proportion of c, 
i.e.vy(€), a fact which is not explicable on the ground that the c-lines are 
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inherently stronger or more easy to detect. One similar anomaly is to 
be found in the (jS-y)-region, where S. i (40-8 % Cu) is classed as y(j8), 
but E. 41 (39-6 % Cu), adjacent to the y-field, as ft y. 

Mechanism of Formation of Electrolytic Brasses. 

The explanation advanced for these results, and supported by a few 
additional facts mentioned later, is as follows. The first stage in the 
formation of electrolytic brasses, whatever their composition, from the 
primary amorphous deposit of zinc and copper atoms laid down by the 
current, is the appearance of an a or an primary solution, i.e. of either 
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Fig. 5.— Relation between the percentage of copper in brass and the phase 
composition limits for thermal (upper shallow panels) and electrolytic (lower 
deeper panels) alloys. The vertical lines represent the experimental data. 

a modified copper or a modified zinc lattice, depending on the conditions 
at the cathode during electrodeposition. These phases, if they contain 
less than 66-9 or more than 075 % Cu respectively, will be metastable, 
and the more so, the more they transgress these stability limits. They 
will therefore tend to transform spontaneously to a more stable, and 
finally, to the most stable form, following the law of successive states. 
These transitions should be facilitated by the disappearance of the prim¬ 
arily co-deposited hydrogen atoms as gaseous hydrogen, thus leaving 
vacant gaps in the rudimentary lattice. Further, it seems probable that 
a change from one pure phase to another of the same composition will 
take place more readily than the separation of a single phase into two 
congruent phases of different compositions. 
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Fig. 6, which is arbitrarily drawn so as to account formally for the 
experimental facts, illustrates the successive transformations possible on 
the above scheme, free energy being plotted against composition. The 
curves ABL, MCDO, EF, PGHR and SIJ represent the free energy- 
composition relations for the five single phases rf, e, y, p and a respectively, 
the sections AB, CD, EF, GH and IJ corresponding to equilibrium con¬ 
ditions. The experimental facts do not require any extension of EF 
into metastable concentration regions. The linear portions BC, DE, 
FG and HI represent the free energies of equilibrium mixtures of 
(c-y)-, (y-) 3 )- and () 3 -a)-phases. The free energies of the lattices 
formed by primary organisation of the first amorphous deposits will 
therefore fall on one of the curves ABL and SIJ. All the primary lattices 
in Series A, Y, F and S are probably of the face-centred cubic copper 
type (SIJ) and in Series W and N of the close-packed hexagonal zinc 
type (ABL). In the case of Series X, where there is a marked change 
in composition between X. i (y) and X. 3 (y, c) it seems likely that 
a-lattices are primarily formed at relatively high, and 17-lattices at lower 
cathode potentials, and this would also be the case for the Series E 
experiments recorded in Table I, where a- and 17-brasses were actually 
plated out from the same electrolyte, (y-c) -Brasses are thus regarded 
as derivable from either a primary a- or a primary 17-brass. 

The phase transformations required by the diagram are as follows : 


G)mposition Range. 

Predicted 

Transformations. 

Phases 

actually Found. 

Qualitative 
Evidence for 
Delayed Tians- 
formations. 

1 

Serial Number. 

Primary rj-lattice — 

AB 0-0*75 % Cu 

None 1 

(*/) 

— 1 

— 

BK o* 75-‘9 

V-* W-«) 

V : (V«) 

(lJ-€) 

(N. 4, 6, 9, 12 

E. 35) 

Kc 9 - 13*4 

(^-«) 

€ 

c-> (17 c-) 

(N. II, 10) 

cd 13*4-20*0 

17->€ 

C 

— 

— 

dh 20*6-29 

i7-> «-> (^-y) 

«: (*-r) 

(c-y) 

(W, 7 ) 

Primary oL-lattice — 





JI 100-66*9 % Cu 

None 

a 

— 

— 

IQ 66-9-58 

«-*- (a-^) 

a : ici-P) 

a->-(a-P) 

(F- 23) 

QA 58-53-3 


a-p 

— 

— 

>>g 53 - 3 - 49-0 

a->-P 

P: (a-)S 

a-> P 

(E. 36) 

gf 49-0-41 

a-*P^{p-v) 

P -. (p-y) 

P-^(P^y) 

(F. 12) 

/« 41-35 

Oi-> p-^y 

(P-v) : y 

p-^y 

(S. 1 ; E. 41) 

»•« 35-32-8 

a-> €-vy 

y: (<-y) 

€^y 

(F. 16) 

32*8-29 

e-> (c-y) 

<-y 




Additional evidence for delays in the postulated phase transformations 
is afforded (a) for the process c -> (c-y) by specimens described as €(y) 
where, from their compositions, the ascriptions c, y or y(€) would be 
expected (notably F. 18, S. 4, S. 5, F. 22, W. 3), and (6) for the process 
17 -► € and € (c-y) by three of the preliminary experiments (E. 13-15) 

where alloys with 24-25 % Cu were found to have an c, 17- instead of an 
€, y-structure. 

Reviewing the evidence, it may be said to be strong for transformations 
of disproportionation type, where one phase breaks up into two adjacent 
phases of different compositions, i.e. in the cases of 17 -> (17-e) ; €->*(i7-€) ; 
€ -► (c-y) ; a -> (oL-P) ; p -► (p-y). Delays, even to the extent of complete 
inhibition under the conditions of experiment, are here inherently probable. 
It should be added that the experimental evidence hitherto available does 
not' indicate whether the products in such cases are actually of equilibrium 



TARAPADA BANERJEE AND A. J. ALLMAND 831 

composition ; precise X-ray measurements, not yet carried out would be 
necessary to settle this point. 

The case for delayed transformation of the primary 17- and a-lattices 
into e- and ) 5 -lattices is less strong, as is also the probability of the delays 
in question. In the former case, there seems no reason to doubt the evi¬ 
dence afforded by E. 13-15. Two of these alloys were, in fact, further 
examined after annealing in vacuo, E. 14 was given 24 hr. at 150° 
after which time a marked c, y-structure had developed, the trace of 
17-phase still persisting. Another 24 hr. at 200° brought about a con¬ 
siderable reduction in the intensity of the 17-lines, but not their complete 
disappearance. E. 13 was annealed successively for 12 hr. at each of the 
temperatures 200®, 150°, 100° and 50°. Its structure was then c, y-, the 
17-phase being indetectable. The case for delayed transformation of 
a- into j 3 -brass depends solely on E. 36 (52-1 % Cu ; P{ol)). Whilst there 
is no doubt about either its composition or its phase ascription, the 
experimental conditions were not as well defined in Series E as in the 



subsequent experiments, and it is not impossible that the trace of a- 
constituent found may have resulted from a minor change in electrolyte 
composition during the run or from a faulty adjustment of cathode potential 
at the beginning of the experiment. Rearrangements of the types jS y 
and « y are inherently more likely to be delayed on account of the 
complex structure of the y-phase ; the latter transformation in particular 
involves a change from hexagonal to complex cubic symmetry. 

Corroborative evidence, some of it very direct, supporting the idea 
of changes taking place in the deposited alloys immediately subsequent 
to their first formation, was noted during the work, in particular when 
y-brass was a product. In a number of cases, persistent fluctuations in 
cathode potential or in current were noticed throughout a run, difficult 
to control and in no way dependent on the use of exceptionally high cur¬ 
rents. Examples are E. 28 (p, y), E. 29 (c, y), S. i (y(i8)), S. 3 (e, y) and, 
in particular, F. ir (y), F. 19 (y) and F. 21 (p (a)), these last three all 
carried out at the same cathode potential. Further, it has been mentioned 
that the static potentials of the deposits were measured against a zincate 
electrode immediately after the conclusion of the runs. In the case of 
F. II, after fluctuating between various shades of pinkish-white during 
electrolysis, the deposit was markedly pink when taken out of the bath, 
suggesting a p- or ) 3 (y)-structure. Two minutes later, the first potential 
reading was taken, followed by others at lo-sec. intervals. The results 
(positive with respect to zinc) were as follows : 0*43, 0*51, 0*77, 0-815, 
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0*86, 0*88, 0-89 V. These changes in potential with time were much 
greater than those normally observed (of the order of o*o5-o*i5 v., either 
positive or negative). At the conclusion of the readings, the colour of 
the deposit was a pale pinkish-white, and had become silver-white by 
the next day when the X-ray examination was made. A very similar 
set of potentials was noted in the case of E. 38 (also 35 2 % Cu ; y)— 
0 32, 0*55, 070, o*8i, 0-838, 0-839, 0-844 v.—although in this case no 
parallel observations on change in colour are actually recorded. These 
rises in potential are just what would be expected (qualitatively) if they 
were the result of a metastable ) 3 -brass containing more than its equi¬ 
librium content of zinc changing spontaneously to stable y-brass. 

The general conclusions arrived at, therefore, are that transformations 
(i) of types a j 3 and e normally take place readily (ii) of type jS y 
may occur at an observable rate (iii) of type e y occur more slowly than 
-> y (iv) of types « €-y, a (a-j 3 ), etc., take place still more slowly. 

The arbitrary element in Fig. 6, more particularly in the (e-y)- and 
y-regions, has already been implicitly recognised. It results in the follow¬ 
ing scheme for the formation of electrolytic brasses, where an asterisk 
denotes a phase which may, depending on its composition, be either stable 
or metastable. 



f 


a* 

1 

1 

V 

(’)-«) 

i* i 

1 1 1 

(a-jS) p* 

1 1 



1 1 

c (c-y) QL-p 

1 1 III 

P iP-y) y («-y) y 


Pure y-brass is thus derivable from a*-brass only, whilst (c-y)- 
mixtures can result from either a primary a*- or a primary 17*-lattice, 
the former path involving the transformation of a cubic close-packed 
(a*) into a modified hexagonal close-packed (c*) structure. A more 
simple and symmetrical scheme would result if this last-mentioned trans¬ 
formation, with the subsequent changes e* -> (c-y) and c* y, were 
not included, but y-brass added as a possible product of the c*-phase 
derived from the i7*-phase. y-Brass, not (e-y) -mixtures, would then 
be the final product derivable both from primary a- and from primary 
T7-lattices, and the corresponding change in Fig. 6 would be a shift of 
points S and L to the right along their respective curves until they reach 
the composition corresponding to N (35 % Cu). Our decision to propose 
the less simple scheme is largely influenced by the fact that, whereas in 
Series W and N and in the last three runs in Series X, increased polar¬ 
isation results in a brass containing a higher % Zn, this is the reverse in 
Series A, Y, F and S and in the first two experiments of X. We associate 
these types of behaviour with the primary production of a zinc M and a 
copper (a-) lattice respectively and, not only is pure y-brass not found 
as a product in the first group of experiments, but (c-y) -mixtures are 
formed at low polarisations both in F and in S. 

The authors wish gratefully to acknowledge a grant from the Central 
Research Fund of the University of London, which enabled the X-ray 
equipment to be purchased, and to thank again the British Non-Ferrous 
Metals Research Association for its help in supplying authentic specimens 
of thermally-equilibrated brass phases. T. B. wishes to acknowledge 
the award of a State Scholarship by the Government of India, which 
enabled him to take part in this work. 

Summary. 

The heterogeneity of electrolytic brass, deposited at constant c.d., is primarily 
due to changes in cathode potential during electrolysis. 

The composition of brass, deposited from an electrolyte of which the con¬ 
centration remains essentially unchanged during the period of electrolysis, is 
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determined by the cathode potential employed and, if the latter is kept constant, 
remains unaffected by the duration of electrolysis. 

Working at room temperature, with intensive circulation of electrolyte, 
with a total (Cu Zn) content of 0*50 g.-atom/l., and with OH' and free CN' 
concentrations substantially the same in every case, brass of any required com¬ 
position can be deposited by suitable variation of (a) Cu /Zn ratio in the electro¬ 
lyte and (b) cathode potential. Such deposits contain either one pure phase or 
a mixture of two adjacent phases. 

The composition limits of these phases do not correspond exactly to equili¬ 
brium conditions. The existence ranges of a*, 1;- and c-brass are definitely 
enlarged, whilst that of the complex y-phase is reduced. 

Evidence suggests that the primarily formed brass lattices are either of the 
a- or of the i?-type, depending on the conditions at the cathode during electro¬ 
lysis, that the p- and e-phases result from transformation of metastable forms 
of these primary lattices, and that y-brass is a product of either metastable 
)5-brass or of raetastable e-brass. 

University of London, 

King’s College. 


ON THE INTERACTION OF COLLOIDAL 
PARTICLES. 

IL—DISCUSSION OF BASIS OF THEORY. 

By S. Levine. 

Received yd March, 1947 ; as amended ist January, 1948. 

1. Introduction. 

In a preceding paper ^ (henceforth referred to as Part 1), the author 
proposed a general method of determining the interaction of the double- 
layers of two colloidal particles. A difficulty was encountered when 
applying this method to infinite parallel plates, but no satisfactory solu¬ 
tion was given.* Furthermore, our results differed from those reached 
by Verwey and Overbeek * in their theory of the forces between colloidal 
particles. Consequently, it seems necessary to examine the fundamental 
premises of the two theories. We have developed our method further 
and in this paper shall outline the main features of the mathematical 
arguments. Verwey and Overbeek derive their expression for the free 
energy in two different ways, which lead to the same result. We propose 
three different methods, two of which reduce to those of the above authors 
under certain special assumptions, in particular that the particle potential 
remains constant. 

In the first method, we treat the density of ions (charge) on the surface 
of the particles as a thermodynamic variable, which we are free to choose. 
Then the condition that the free energy is a minimum fixes this density 
as a function of the particle separation. The familiar, fictitious charging- 
process employed by Debye and Hiickel in their theory of electrolytes, is 
utilised here. This approach has been explained in Part I. In the 
second method, the surface density of ions on the particles is assumed to 
take on the equilibrium value at each stage of the charging process. This 
is essentially one of the starting points in the work of Verwey and Overbeek. 
We have already mentioned in Part I that the first and second methods 

* Levine, Trans. Faraday Soc., 1946, 4aB. 

* Discussion remarks by Overbeek and Levine, ibid. * 

* Verwey and Overbeek, ihid.\ Philips Res, Rep., 1945, i, 33; ], Physic. 
Chem., 1947, 51, 631. 
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are equivalent. The proof of this equivalence will be presented in a later 
paper. In the third method, we postulate that thermodynamic equili¬ 
brium can be attained for any surface density of ions by applying the 
appropriate external potential at the surface of the particles. This 
approach affords a deeper understanding of the relationships between 
the alternative methods of deriving the free-energy expressions. It can 
be shown that all three methods are completely equivalent provided that 
there exists such an external potential function producing equilibrium. 
In this paper we indicate how this method leads to a generalised Lippmann 
equation, which is the other starting point of Verwey and Overbeek. 

In § 2, the meaning of the potential difference between the particle 
surface and the interior of the solution is examined. The conclusion 
reached in Part I that, in general, this potential depends on the inter¬ 
particle separation is confirmed. In § 3 the Lippmann equation is de¬ 
rived and in § 4 a comparison is made with the results of Verwey and Over¬ 
beek. In § 5, the application of our theory to spherical and cylindrical 
particle pairs, in very dilute sols, is discussed. A repulsion between the 
double layers is obtained when the mean potential at the particle surface 
is identified with the potential of the mean force. However, our expression 
for the mutual free energy is somewhat different from that of Verwey 
and Overbeek. The attraction obtained in Part I between two infinite, 
parallel plates is shown to be erroneous and a simple method of obtaining 
the repulsive force for this case is proposed. 

The notation will be the same as in Part I and reference to the equations 
in Part I will have the additional designation I. 

2. Formula for the Potential of the Mean Force. 

Consider two parallel plates, each of area A, separated by a distance 
R and immersed in an aqueous electrolyte solution of volume V. The 
charge on the inner surface of each plate is assumed to arise from the 
adsorption of vi ions of charge (type i) per unit area. All the ions in 
the system are assumed to be carrying the fraction A of the full charge, 
so that A denotes the stage in the Debye-Hiickel charging process. The 
density of adsorbed ions under equilibrium conditions is vi(A, R), a function 
of A and R. In this section we assume the volume V is very large so that 
the asterisk superscript introduced in Part I is omitted from all formulae. 
This means that the dependence on and R of the chemical potential 
of an ion in the bulk of the solution is neglected. Also, the interaction 
energy of the two plates is independent of the volume V. Although these 
factors may be secondary in dilute sols, they should be quite important 
in concentrated sols. T is the temperature and k Boltzmann's constant. 

Three separate potential functions have been introduced in the theories 
of the author and of Verwey and Overbeek; firstly, the mean potential 
at an adsorbed ion, which is due to the Coulomb forces exerted by the 
surrounding ions and which we denoted by ^^{A, R/2) * ; secondly, the 
corresponding potential of the mean force 0 i(A, R) ; finally the potential 
^o(A) = Axi(A)/A^i where Axi(A) is the change in the electrical self-energy 
of an ion of type i, when it is adsorbed on the particle surface from the 
solution. This last quantity is introduced by Verwey and Overbeek 
and enters into their Lippmann equation. The first two potentials depend 
on the interparticle separation, whereas the third does not. We proceed 
to derive a relation between <Pi(A, R) and which was given without 

proof by equation (I, 21), namely, 

= Axt(A) = R). . . (I) 

* The factor i appears in the function ^^(A, R/2) simply because the median 
plane between the two plates marks the origin of x in the potential function 

fM. *)■ 
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Here 2Aif^(v^ denotes that part of the free energy F^(v^ of the discharged 
system (A = o), which depends on the number of discharged ions of 
type I per unit area of particle surface. The form of fo(vi) will depend 
on the particular sol under consideration. In Part I we chose a particular 
expression for fo(»'i), based on the usual treatment of adsorbed molecules 
on surfaces. 

To derive (i), a simple model is used to describe the statistical 
behaviour of the adsorbed ions. A classical partition function is used 
for these ions, which are imagined to be undergoing thermal motion over 
the plate area (including vibrations normal to the surface). To simplify 
matters, let each plate have unit area, A = 1. When is varied, the 
density of adsorbed ions changes simultaneously on both particle surfaces. 
However, it is now convenient to distinguish between the densities, say 
vy and v/ on the two plates. Of course, the average densities will be 
the same, i.e. v/ — v” — v^. 

An alternative form to that in Part I can be given for the electrical 
free energy which is associated with the ions of our system at stage A 
and which we denote by F{X, v/, v/, i?). For the completely discharged 
system this quantity becomes F(o, v/) which is assumed independent 
of R. We make use of the usual relation from statistical mechanics for 
F(X, v/, vi'", i?) in terms of the configurational part of the classical Gibbs' 
phase integral, 1 (A, v/. »»/, R) say, which takes account of the Coulomb 
interaction of the ions. (The integral over momentum space need not 
be considered.) This relation reads 

exp[~{F(A. R)-F{o, V, V, y 7 ))/kT]^l(X, V, vZ F) (2) 


where E,(A, 1^/, vj^) is the electrical self-energy of all the ions. The incre¬ 
ment in the latter quantity when is increased by i is — Axi(A). 

It can be shown that ♦ 


I (A, vi ■{ T, p/, R ) 
I (A, v/, vi", R) 


= exp[- A^i0,(A, R)/kT]. 


( 3 ) 


We now write down the relation corresponding to (2) when vi' is replaced 
by v/ -{- I and divide this by (2). Finally, use is made of (3) and of the 
fact that under equilibrium conditions, the free-energy change of the 
system is zero when v/ is changed to v/ -f i. In this way, wc obtain a 
relation which is equivalent to (i), but differs in form. The first term 
on the right-hand side of (i) is replaced by the change in the free energy 
F{o, vi, v") when v^' becomes vi -f- i. 

The above analysis shows that the relation (i) is simply a form of the 
condition of thermodynamic equilibrium between the ions adsorbed on 
the particle surface and those in the solution. It follows that (i) must 
become identical with the equilibrium condition (I, 3^) when V is very 
large. This means that 




R) 


(4) 


where E(X, vi, R) is the average electrostatic interaction-energy of the 
ions in the double-layers of the two particles at stage A in the charging 
process. 

We can interpret eqn. (4) in the following way. The electrostatic 
potential energy is the work done in charging the ions assuming that they 
are fixed in their average final positions. The free energy includes an 
extra entropy (or osmotic) term which represents the work done.*against 
the thermal motion resulting from the re-distribution of the ions during 


* See Fowler, Statistical Mechanics (Cambridge University Press, 1936), 261. 
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the charging process. In integrating with respect to A on the right-hand 
side of (4), we charge with constant and hence do no work against the 
thermal motion of the adsorbed ions on the particle surface. Thus we 
are really evaluating an electrostatic energy, and not a free energy for 
the surface ions. It follows that the right-hand side of (4) is the increase 
in energy associated with the Coulomb interaction of the ions in the double¬ 
layers of the two particles when an ion is transferred from the solution to 
one of the particle surfaces. It does not include the work done against 
the thermal motion of the surface ions. But the quantity A^i 0 i(A, i?) 
is the work required to overcome the Coulomb forces when bringing an 
ion to a given position on the surface, the thermal motion of the adsorbed 
ions again being ignored. 


3. Derivation of the Lippmann Equation. 

In relating our results to a Lippmann equation, we shall account for 
the dependence of the interaction energy of the two plates on the volume 
V. The formulae in Part I which have the asterisk superscripts will now 
be considered. Thus, the change in electrical self-energy Axi(A) and the 
potential energy E(X, vj, R) are replaced by Axi*(A) and E*(X, Pi, R) 
respectively. The latter quantities have additional terms which are 
due to the dependence on vj and R of the chemical potential of an ion in 
the interior of the solution. Expressions for these terms in the case of 
dilute sols are given in Part I. 

In the theory developed in Part I, is treated as a thermodynamic 
quantity which can be varied at liberty. In experiments on electro¬ 
capillarity curves, this is done by applying an external potential difference 
between the surface (of mercury) and the interior of the solutions. This 
suggests the following assumption. Suppose that thermodynamic equili¬ 
brium of our system can be attained for any set of values of the parameters 
A, vi and R by imposing an appropriate external potential on the adsorbed 
ions of type 1. This potential will be a function of A, vi and R and will 
be denoted by ipi* (A, v^, R), For such a system, the free-eiiergy expression 
(I, 2ii) is replaced by 
« 

F(A, Pi, R) = ^ iV</x<o(A) — 2 v 4 i/iAxi*(A) — 2 AXp^eTili^*(X, p^, R) 
i-i 

+ 2/tf.K) + zA dA. ( 5 ) 

If we omit the additional term involving 0i*(A, p^, R), then the derivation 
of (5) has been outlined in Part I. The quantity /x<®(A) has been defined 
by (I, 5f) and can be considered to be that part of the chemical potential 
of an ion of type i (there being s types in all) which is independent of 
Pi and R. 

Keeping A and R fixed, let us vary p^. Then we can introduce a new 
function (A, p^, R) which satisfies a Lippmann equation in the form 


provided 




2 A Xpi^i 


Pi, R) 


^1. F) ^ Axi*{A) -f Xei^i*{X, R) 

= + A f" £*(A. Vi. 

dvi J 0 A 


( 6 ) 

( 7 ) 


When no external potential is applied, i.e. ^i*(A, v^, R) = o, then (7) 
reduces to the equilibrium condition (I, ^i) and hence defines the variation 
of surface density of adsorbed ions with A and R, namely Pi (A, R), Also, 
the expression (5) for the free energy becomes identical with the formula 
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(I, 2ii), given in Part I, with the difference that the general form for 
fo(vi) is used. We observe that substitution of (4) into (i) yields the 
formula to which (7) reduces on putting vi, i?) — o and omitting the 

asterisk superscripts. 

The thermodynamic system considered in Part I is in equilibrium 
along the curve v, = vi(A, /?) and its state is defined by the two variables 
A and R. Here we have a hypothetical system in thermodynamic equili¬ 
brium, the state of which is defined by 
three variables A, Vj and R. Keeping 
R fixed, let us choose an initial state 
A and a final state B on the curve 
i», = vi{X, R) in the (A, v^) plane (see 
Fig. i). The passage from the state 
A to the state B, which replaces the 
charging process described in Part I, 
can take place along any curve in the 
(A, vi) plane, the end-points of which 
are at A and B. The change in the 
free energy of our thermodynamic 
system will depend only on the 
initial and final states. In partic¬ 
ular, we can choose the path ACXB 
where ACX is any curve joining the 
points A and X. Integrating along 
this path and making use of (6), the free energy for state B can be 
written as 

F(X. ^^(A, R). R) = F(A, o, R) - zA f a d^,*, . (8) 

J Wi*{X,o,R) 

where F{X, o, R) is the free energy of state X and we have introduced 
the surface charge-density a — Xv^e^, and the potential ~ Axx*W/A^i- 

In this way the same formal integral as that given by Verwey and Overbeek 
is derived, with the difference that in general !Pi*(A, o, R) is different from 
zero (partly due to the image forces and partly to the “ chemical " forces). 

In the case of very large V (the asterisk superscript is dropped) a 
simple interpretation can be given to eqn. (7). The potential of the mean 
force 0 j(A, R) in eqn. (4) is defined for the equilibrium value — Vi(X, R). 
However, when the density of adsorbed ions Vi is arbitrary, we can still 
define the potential of the mean force due to the Coulomb ionic interaction, 
acting on an adsorbed ion. This quantity will be denoted by ^i(A, vj, R) 
and is defined by (4) provided the right-hand side is evaluated for arbitrary 
vi instead of vi(A, R). We can integrate this generalisation of eqn. (4) 
immediately and obtain 

= Ae, r(P,(A, n. . . ( 9 ) 

J 0 •'0 

provided image forces are neglected, so that 0 x(A, o, R) = o. By using 
this relation, it is possible to avoid the evaluation of the volume integrals 
in the expression for ^(A, vj, R) given in Part I. This property has been 
utilised by Derjaguin ® and by Verwey and Overbeek. Finally the first 
equation in (7) simplifies to 

Ae,y.(A, R) s + Ae,0,(A, v., R). . . (lo) 

dvi 

The first term on the right-hand side of (10), which we designate the 
chemical term, includes the non-electrical part of the self-energy of an 

* Derjaguin, Acta Physicochim., 1939, 10, 333; Trans. Faraday Soc., 1940, 
36, 203. 
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ion (short-range forces) and any entropy contribution associated with 
the possible arrangements of the adsorbed ions on the particle surface. 
The second term is the work done in bringing an ion to the surface against 
the interionic forces only. 

4. Comparison with the Theory of Verwey and Overbeek. 

The theory outlined above and in Part I becomes equivalent to that 
of Verwey and Overbeek when certain simplifications are introduced. 

We assume fo(vi) = o * and in this section consider again the case of an 
infinite volume of electrolyte. According to (lo), the potential function 
Wi(X, Vi, R) now becomes identical with the potential of the mean force 
01 (A, vi, R) and if image forces are neglected, 0 i(A, o, R) = o and 
F(A, o, R) is a function of A only. Then the Lippmann equation (8) 
reduces to the result quoted by Verwey and Overbeek. 

Let us now assume that the mean potential at an ion at position x 
between the plates is the same for the different types of ions. In Part I, 
this potential function 0 (A, x) refers to an arbitrary value of and we 
retain the same notation here. We also identify the potential of the 
mean force with the mean potential at an adsorbed ion. When all the 
above assumptions are made and we use (i), two conditions are obtained 

Axi{A) = Ae,[0i(A, 1/1, = Ae,[i/r(A, if/2)],,=■;, (A, fl), • (ii) 

which is the equation (I, 20). Thus, under equilibrium conditions, the 
potential of the mean force at an adsorbed ion is assumed independent 
of the separation R. 

We stated in the introduction that if the ions are charged in such a 
way that at each stage A, vi takes on its equilibrium value (A, R), then 
we derive the same free energy as obtained in the preceding section. If 
we introduce the potential function ^(A, R/2) and put fo(vi) — o, then 
the free energy by this (second) method reads 

P(A, 7 .(A, if), if)- 2 ^</‘('’(A)- 2/4 j'.^dA;;;(A, - A^,W(A, if/ 2 ))..-;,(A,J!)} 

-AHA f ^/2 - 

+ 2/4 [^(A, x)p{K A;)].,=J,(A,ii)dAr, (12) 

where p(X, x) is the average charge density at position x. This formula 
can be obtained immediately from (I, i8). Now the model of Bernal 
and Fowler ® for the hydration of an ion suggests that Axi(A) is roughly 
proportional to A. In this case, it follows that [^(A, ^/2)]ri = vi(A, B) is a 
constant, independent of A and R and the second term on the right-hand 
side of (12) vanishes. This yields the first form for the free energy con¬ 
sidered by Verwey and Overbeek. However, if we use the classical Born 
expression for the hydration energy of an ion, then we can expect Axi(A) 
to be proportional to A®, and the second term on the right of (12) is no 
longer zero. 

Any approximations introduced in evaluating the free energy should 
satisfy the conditions that the three methods proposed in this paper be 
equivalent. When the linear Debye-Hiickel equation is used to deter¬ 
mine the function 0 (A, x) and the condition (ii) is introduced, it is shown 
in Part I that the second and third terms on the right-hand side of (12) 

* In a private communication, Prof. Overbeek has pointed out that this 
condition should apply when the adsorbed ions are indistinguishable from one 
of the lattice ions which constitute the colloidal particles. However, there are 
many colloidal systems where this is not the case. If there is no entropy con¬ 
tribution to fo(»'i)» then we can assume that fo(vi) = avi where a is a constant. 
However, since dfo(vi)/dvi — o when the system is completely discharged, a = o. 

• Bernal and Fowler, J. Chem. Physics, 1933, I, 515. 



S. LEVINE 


839 


reduce to — Avi(X, i?)Axi(A) valid for any form of Axi(A). The same result 
is obtained by the first method referred to in the introduction and de¬ 
scribed in Part I, provided we again use (ri) and also the formula (21) 
for the electrical free energy. However, in the general case where the 
Poisson-Boltzmann equation must be considered, Verwey and Overbeek 
apparently derive the same expression for the free energy both by their 
Lippmann equation and by their particular form of (12), only if condition 
(ii) is used and in addition Axi(A) is proportional to A. This also follows 
from our theory. 

Thus Verwey and Overbeek assume (i) fo(»'i) == o, (ii) Axx(A) is pro¬ 
portional to A, (iii) the mean potential at an adsorbed ion is equal to the 
potential of the mean force, (iv) the two plates are immersed in an infinite 
volume of electrolyte. The first two conditions may apply to some col¬ 
loidal systems, but cannot be generally valid.* Further light on the 
third condition is obtained by the following considerations. We make 
use of the linear Debye-Hiickel equation, valid for small potentials. Since 
the potential is the same for the different types of ions, there is no need 
to retain the subscript i to distinguish the adsorbed ions of type i from 
the others and we can refer to the potential at the surface. 

Consider a single plane charged surface of charge density viC^ immersed 
in an electrolyte. The mean potential at distance x from the surface 
and at stage A in the charging process is 

^(A, ;ir) ^ e-^o* . . . (13) 

IVKq 


where D is the dielectric constant of the dispersion medium and i/kq 
is the familiar characteristic “ thickness " of the diffuse outer layer, 
referred to A = i. The electrostatic potential energy of the double layer 
per unit plate area, ii(A, vj say, is readily obtained by integrating the 
energy density (D/87r)[d^(A, »/„ x)ldxY over the double layer from x — o 
to X — 00. We find that the mean potential at the particle surface 
^(A, vj, o) can be identified with the potential of the mean force since t 


Afi^(A, V|, o) 


c> f^i:(A, vi) 


.A r 

J 0 


dA. 


(14) 


Two other simple cases give the same result, namely a spherical and 
a cylindrical particle. If Wj is the total number of adsorbed ions of charge 
on a spherical particle of radius a, then at stage A, the mean potential 
in the diffuse layer at distance r from the centre of the particle is 

= i)(x ~ +A..a) ■ - 7 - • • • (^5) 


The electrostatic energy 2 i(A, n^) is again obtained by integrating the 
energy density over the diffuse layer from r — a to r — 00. We readily 
derive that 


^(A, Mj, a) 2 

which has the same form as (14)4 


'b 

brii 


(‘SV^dA. 

Jo A 


(16) 


* However, the second condition is not introduced in the Lippmann equation 
of these authors. Also (iv) should really be that the chemical potential of an ion 
in the bulk of the solution is independent of and R. We shall show in a later 
paper that this implies the omission of an additional term in the free energy. 

t The reason for a difference of factor 2 between the right-hand sides of 
oqn. (4) and (14) is that in the former case, where a particle pair is being con¬ 
sidered, the density of ions changes simultaneously on both particles. 

t In the case of a cylindrical particle of infinite length, the formula (16) is 
derived from the expression for the mean potential •• 

?(A, ni, r) = (2niej/DKoa)Ko(AKor)/Kii^Koa), 

[Footnotg continued overleaf. 
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The preceding analysis applies only to small surface potentials but 
it can readily be extended to larger potentials in the case of a single, plane, 
charged surface immersed in a binary symmetrical electrolyte. When 
the Poisson-Boltzmann equation is applied in this case, then we can show 
that (14) is again true. This is consistent with the result obtained by 
Casimir ’ that the Poisson-Boltzmann equation may be applied for large 
potentials as well as for small potentials. It would appear from the examples 
discussed above that in colloidal solutions, the use of the Poisson-Boltzmann 
equation and the identification of the mean potential with the potential 
of the mean force are good approximations. 


5. Interaction Energy of Two Colloidal Particles: 


We have not yet investigated how general is the validity of relations 
of the type (14) and (16).♦ In the case of two spherical particles and two 
parallel cylindrical particles, we can show that for large separations R 
and in the limiting case of small A, such relations are valid. Since in 
general the mean potential will no longer be constant over the surface 
of each particle, we need to introduce some average, taken over each 
particle surface, of the mean potential. When the linear Debye-Huckel 
equation is used, the potential distribution on each particle surface will 
not depend on the total particle charge This suggests that in this 

case, the proper average is weighted in proportion to the density dis¬ 
tribution of surface charge. In the general case, when the Poisson- 
Boltzmann equation must be used, the averaged potential will be obtained 
differently. We shall denote this potential simply by ^sve(A, w„ R). 

In the linear case, the electro.static energy of the double layers of the 
two particles, which we denote by ii(A, n^, R) will have the form n^^E^(\^R). 
We now define the appropriate average of the potential of the mean force 
by 


A£ 5 i 0 ave(A, Mj, R) 


bn 


-r 

1 Jo 


A£:(A, n„R) 


dA 


= 2ni f 
Jo 


^Fo(A, R) 


dA. . (17) 


and assume that 0ave(A, n^, R) which has the form M,g (A, R), can be equated 
to <Pavc(A, «i, R). Thus ^ 

Ae.g(A, R) = 2 . . . (i8) 

For both spherical and cylindrical particle pairs, the function g(A, R) 
increases as the distance R decreases. Investigations of the integral 
on the right-hand side of (18) indicates a similar behaviour and no minimum 
although iio(A, R) does have the latter property as a function of R. 

However, the relation (18) is not satisfied for the model of two infinite 
parallel plates considered in Part I. In this case we find that the potential 
of the mean force at the surface is 




(19) 


which increases with 7 ?. On the other hand, the mean potential is given 
by 

0(A. R|^) = v.g(A, R) = coth JAk,/?, . . (20) 

UKq 

where Wj is the number of adsorbed ions per unit length of particle, a is the radius 
of the circular cross-section, r is the distance from the axis of the cylinder per¬ 
pendicular to it and if© ^.nd are Bessel functions of purely imaginary argument. 

’ Casimir, Tweede Symposium over sterke Electrolyten en over de elektrische 
Dubellaag, (The Hague, 1944), ®d. Ned. Chem. Ver.. 6. 

* Note added in proof —A general proof of these relations has since been 
derived. 



S. LEVINE 


841 

which decreases with R, Further, if A -> o and vi is kept fixed, 
0i(X, vi, R) o whereas the mean potential function ^(A, x) has the 
common limiting value SttviBiIDXkq^R (which tends to 00 as A -> o) on 
the plates and in the region between the plates. Overbeek has pointed 
out that the erroneous result of an attraction between two infinite parallel 
plates, which we obtained in Part I, originates in this limiting infinite 
value. However, in the discussion remarks by Overbeek and the author, 
no satisfactory method of overcoming this difficulty was suggested. 

In our theory it is assumed that the ions in the dispersion medium 
are uniformly distributed throughout this medium when they are all 
discharged. According to the Boltzmann distribution law, this means 
that the product A^(A, x) o as A -> o. Suppose we have two finite 
parallel plates, and starting with the discharged system, we place a charge 
^idA on each ion of type L The charge on the plates will be 2yfvi^idA 
and the excess charge — 2^vi^idA in the dispersion medium will be uni¬ 
formly dispersed, so that only a very small fraction of it will lie between 
the plates. With each increment dA, there will be an infinitesimal dis¬ 
tribution of ions in the dispersion medium, since the Debye charging process 
is a reversible one. This diffusion of ions will be in such a direction that 
the excess charge gradually shifts into the region between the plates. 
We can expect that most of the charge will have entered this region when 
the length i/Aico’< A, However, if the Debye-Hiickel equation is 
applied to two infinite parallel plates, then the excess charge —2AvyeiAX 
at the start of the charging process is all concentrated between the plates. 
This means that there has been an instantaneous re-distribution of ions 
throughout the dispersion medium, thereby involving an irreversible 
process. This anomaly is due to the infinite potential ^(A, x) when A = o, 
which implies that when the ions are completely discharged, the density 
of ions between the plates is different from that in the interior of the 
solution. 

For two .spherical or cylindrical particles, we find that for fixed R, the 
function E^{X, R) ~ Eo(X, 00) is always positive for sufficiently small A, 
although it becomes negative when R is large. The reason for the former 
behaviour is that the free energy of charging the ions includes the work 
done against the thermal motion during the diffusion of the excess charge 
into the region between the particles. Furthermore, if the interaction of 
two particles is to be repulsive, the integral in (18) must decrease as R 
increases. These properties should also apply to two parallel plates. 
The quantity Eo(X, R) — En(X, 00) cannot be negative for all R and A 
(as our model in Part I yields), but must be positive in the vicinity of 
A == o. For parallel plates of area A >> i?*, E^{X, R) will exhibit an ex¬ 
tremely sharp maximum at some value of A close to o. This maximum 
arises from the relatively drastic re-distribution of ions which is required 
at the beginning of the charging process, in order to concentrate most of 
the excess charge in the dispersion medium between the plates. The work 
done against the osmotic forces in these initial stages would be quite large. 

The additional term proposed by Overbeek in the discussion is absent 
provided the correct form for the function Eo(X, R) in the vicinity of 
A = o is used. Thus our fundamental equations in Part I are sufficient 
and no term has been omitted. 

Although the model of two infinite parallel plates must therefore be 
discarded near A — o in our theory, it can still be used provided A > i /k^A^. 
The analysis presented in this paper suggests that (18) should still be valid 
for two parallel plates when we identify the mean potential with the poten¬ 
tial of the mean force and use the linear Debye-Hiickel equation. Hence 

f^EiX, vt, R . 7-:. , X * 

2 -dA =:^ Av,^, 0 (A, R/2), . . . (21) 
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remembering that 0(A, R/2) is evaluated for arbitrary vj. In the answer 
to Overbeek*s criticisms of Part I, the author had already proposed this 
form. However, the remark was made that the objection to this solution 
is that it implies the free energy depends on R when A = o. The answer 
to this difl&culty is that the particular form (20) for 0 (A, R/2) cannot be 
used in the vicinity of A == o since it tends to infinity as i/A.* We shall 
substitute instead the appropriate average of the mean potential 
0»ve A, vi, R) taken over the finite plates, such that A0ave(A, Vj, i?) o as 
A o. 

On the basis of the results outlined above and in Part I, the following 
method is proposed for determining the mutual free energy of two identical 
colloidal particles each having tii adsorbed ions of type i and surrounded 
by an infinite volume of electrolyte (e.g. spherical or parallel cylindrical 
or plate-like particles). The mean potential is equated to the potential 
of the mean force in the first part of equation (17) so that 

f^ = Ag, f n„ R)dni, . . (22) 

J 0 A J 0 

which replaces (9). The function ^ave(A, n^, R) is obtained from the 
solution of the Poisson-Boltzmann equation. The mutual free energy 
at any stage A is written as 

f ni — 

0.ve(A, . (23) 

0 


and the equilibrium value = Wi(A, R) is determined by the condition 
that (23) be a minimum with respect to variation in «i, which yields 

Xe,^^y,{X. n„ R) = Axi(A) - • • • (24) 


In Part I we proposed a general method of determining the force between 
two particles (eqn. (I, 39)). Application of this method yields the force 




^ 0 ave(A, Wj, R) 


^R 


dn 


0 


ni=n,(A, JR) 


(25) 


which is equivalent to the form given by Derjaguin in the particular case 
where is constant, independent of R. Since ^avc(A, Wj, R) decreases 
as R increases, it follows from (25) that the force between two colloidal 
particles is repulsive, in agreement with the results of Verwey and Over- 
beek. However, our energy expression (23), subject to the condition 
(24) is more general than that of these authors, since it becomes equivalent 
to their Lippmann equation, which we write here as 

- 

— 2A^i \ «id 0 ave(A, R), , . . (26) 

Jo 

on putting fo(Wi) = o. 

Verwey and Overbeek conclude that the electrical interaction between 
the double-layers of colloidal particles always shows a repulsion and that 
the long-range attraction which is shown by tactoid formation (phase 
separation) must be attributed to van der Waals' forces. However, the 
above analysis only applies to dilute sols and preliminary investigations 
indicate that new features enter in concentrated colloids. 

To derive (25) it is assumed that the characteristic quantity A#fo (in 
electrolyte theory) is independent of fii and R. However, in concentrated 
sols, we have to deal with a function #f(A, nj, R) and in § 3, this is taken 


* Reference was made in Part I to calculations made on tactoid formation 
of cylindrical particles which yielded an attraction. Here also the potential 
becomes infinite in the discharged state and hence this attraction cannot be 
cotrect. 
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into account in the case of two parallel plates. If we consider the par¬ 
ticular case of a sol of plate-like particles, the interaction of which are 
neglected, then we need to replace Xkq by a function k(A, vj) and also (14) by 




• (27) 


For small potentials, we can readily obtain expressions for k(A, vi) and 
E*(X, p^) if we only retain terms up to the first power in the sol concentra¬ 
tion, f Now, if ^i*(A, Fj) is the solution of the approximate Debye-Hiickel 
equation, it should be obtained from ^(A, vi, o), which is defined in (13), 
simply by replacing Xk^^ by k{X, v^). However, it is found that this ex¬ 
pression for 01* (A. V,) does not sati.sfy (27), indicating that (25) cannot 
be used for the force between two particles in concentrated sols. 


The author wishes to acknowledge the helpful correspondence with 
Prof. Overbeek on a number of points in this paper. 


Summary. 

In this paper we develop further our theory of the mutual free energy of 
two colloidal particles. It is shown how our results can be obtained from a form 
of the Lippmann equation, which reduces to the basic formula of Verwey and 
Overbeek on assuming that the surface potential is constant. 

The model of two infinite parallel plates used in the earlier paper (I) yields 
the erroneous result of an attraction, because the edge effects are neglected. 
This leads to an infinite potential at the plates when the ions are discharged, 
assuming the number of adsorbed ions is fixed, and thereby introduces an ir¬ 
reversible process. A correct analysis of the influence of the finite size of the 
plates produces a repulsion. 

Our theory does not omit any terms of an electrical nature, as suggested by 
Overbeek. It is more general than the theory developed by Verwey and Overbeek 
since it avoids the assumption of constant surface potential. A repulsion is 
obtained between the double layers of two colloidal particles in dilute sols, in 
agreement with the work of the above authors. Also, a good approximation is 
probably obtained by equating the mean potential to the potential of the mean 
force at the particle surface. 

Birkbeck College, 

Research Laboratory, 

Torrington Square, 

London, W.C.i. 

t The quantity k{X, i/j) is derived from (I, 10) and E*(X, vj from (I, 8i), (I, 12) 
and (I, 23) on putting R = cc. 
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CORRIGENDA 


CORRIGENDA. 

Page 351, Fig. 1(6). For structures structure. 

352, 1. 5* Pot indices (hkl) read indices (hk), 

t, 352, 3rd para., 1 . 3-4. For liquid. ... An oriented aggregate 
read liquid. In some experiments, an oriented aggregate. 

f 352, 3rd para., 1 . 6. For with the liquid, as follows. The mineral 
read with the liquid In most cases, however, a different method 
was used. The mineral. 

M 357 * Table I. Add to list of code letters, k = treated with liquid 
at 200°. 

*. 35 ^* 2nd para., 1 . 8. For is read would be. 

,, 360, last para., 1 . 18-19. For In contrast to read In contrast, with. 

*. 363, legend to Fig. 5. For (a) glycol read (a) glycerol. 

For (e) Cyclohexane read (e) CyclohexanoL 

,, 364, 2nd para, from foot of page is legend to Table II. 

,, 366, 1 . 22. For suggests that the water read suggests that, in the 

vermiculites, the water. 

,, 366, 1 . 36. For e.g. octophyllite read e.g. a particular sample 

of octophyllite. 


Note on 

The Effect of Molecular Inertia on Dielectric Absorption. 

By J. G. Powles. 

Received Sth September, 1948. 

Since returning the proofs of my paper * on the above subject my 
attention has been drawn to a recent paper by Dmitriev and Gurevitch 
(/. Expt. Theor. Physics, U.S.S.R., 1946, 16, 937) which had escajx^d 
my notice. 

The analysis given there is essentially similar to that in the first part 
of my paper except that the difficulty of the effect of inertia in the thermal 
agitation term is not considered. These authors do not, however, con¬ 
sider their work in the light of experiments now available f where it is 
known that a Debye relation is obeyed, at least to a good approximation. 
Before considering the effect of inertia in the case of large particles 
(y > 10-® cm.) in a non-polar medium it would appear necessary to con¬ 
firm experimentally the Debye absoq^tion peak, i.e. the rising part of 
their curve relating dipole conductivity and frequency. The approach 
by way of the dipole conductivity, obscures the fact that the greatest 
effect of inertia occurs when the measured quantity (tan S) has a low 
value compared to that at the peak, and will therefore be difficult to 
measure accurately. 


♦ This issue, p. 802. 


f Ref. 4, 5 and 6 of my paper. 





THE ENERGY OF CARBON BONDS— 

A RE-EXAMINATION OF THE 
FOX-MARTIN RULE. 

By E. C. Baughan. 

Received igth August, 1947. 

In theoretical organic chemistry the first approximation of great 
usefulness has always been to regard the behaviour of any compound 
as simply the sum of the behaviours, regarded as mutually independent, 
of its carbon skeleton and of its reactive groups. More detailed study 
shows discrepancies from this simple scheme as, for example, the problem 
of the stability of conjugated double-bonds, yet a tremendous amount of 
fact can be co-ordinated and predicted by means of it. Its equivalent 
translation in terms of energies implies that, for example, all C—C single 
bonds should have one single dissociation-energy, all C—H bonds another 
constant dissociation energy, and so on. Moreover, provided we are 
discussing only substitution energies, e.g. the differences between the 
R —H and R —Br dissociation energies of a given radical R, correct 
conclusions can be drawn even when the absolute value of either dissoci¬ 
ation energy is unknown. 

The estimation of carbon bond strengths at this level of first ap¬ 
proximation gives, therefore, information of considerable value. Such 
tables of Average Bond Strengths have been in the past compiled in the 
following way : from the heat of vaporisation of carbon from its conven¬ 
tionally accepted thermochemical standard state of graphite to the mon¬ 
atomic vapour in its ground state, and the heats of combustion of graphite, 
methane and hydrogen we can obtain the average CH bond strength in 
methane by means of the well-established heat of dissociation of hydrogen 
into atoms. Assuming that the dissociation energy of methane into the 
methyl radical and a hydrogen atom is the same as this average bond 
strength, we can, from the heats of combustion of methane and ethane, 
obtain the value for the C single-bond energy, and such a scheme can be 
extended to any other bond on a carbon atom. 

This simple “ average bond-strength scheme ” which was first put 
forward by Fajans,i and used for valuable discussion by several authors, 
particularly Sidgwick and Bowen,* and Pauling,® was until recently diffi¬ 
cult to check. The value of the heat of vaporisation of carbon is not 
easily obtained with accuracy by direct experiment, and there was very 
little known about the absolute values of the energies of dissociation of 
any given carbon compounds into free radicals. 

In the past few years, several lines of evidence have made clear that 
such schemes cannot be maintained for calculation of the absolute value 
of individual bond strengths without considerable modification. In the 
first place, more precise knowledge is becoming available on the heat of 
vaporisation of carbon by indirect methods, particularly from the mole¬ 
cule CO. The heats of combustion of CO and graphite are accurately 
known ; from these one could estimate the heat of vaporisation of carbon 
if one knew the dissociation energy of CO into carbon and oxygen atoms 
in their ground-states. Spectroscopic work on CO molecules has shown 
pre-dissociations which probably correspond to either 125 or 169 kcal. 

^ Fajans, Ber., 1920, 53, 643 ; 1922, 55, 2836. 

* Sidgwick and Bowen, Ann. Reports, 1931, 367 ; Sidgwick, The Covalent»d.ink 
in Chemistry (Cornell University Press, 1933), Ch. IV. 

® Pauling, The Nature of the Chemical Bond (Cx)rnell University Press, 1939), 

29 
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for the heat of vaporisation of carbon, this ambiguity being due to un¬ 
certainty as to the atomic states of the atoms produced.* 

Secondly, the actual dissociation energies of some aliphatic molecules 
into free radicals are now established by several concordant methods. 
Thus the dissociation energy of methane into a methyl radical and hydro¬ 
gen has been established at about 103 kcal. in the following ways— 

(a) A great deal of work has been done, particularly by H. S. Taylor 
and his co-workers, on the activation energies of various reactions between 
hydrogen, methane and ethane.® 

(b) The kinetics of thermal decomposition of alkyl iodides at very 
low pressures give activation energies," identified with the C—I bond 
dissociation energies. From these values the corresponding carbon- 
hydrogen bond energies can be obtained from calorimetric data.^ 

(c) The interpretation of kinetic data on the photobromination of 
hydrocarbons.® 

(d) The appearance potential data from electron bombardments.® 

(e) Sidgwick and Springall have pointed out that the difference 
between the CH3—H and CH3—Ilg bonds can be obtained from calori¬ 
metric data ; to explain the observed stability of Hg(CH8)2, a minimum 
value of the Hg—CH3 bond must be postulated which, from this differ¬ 
ence, implies a CH3—H energy of 100 kcal. or more. 

All these different methods agree that the dissociation energy of methane 
into methyl and hydrogen is about 103 kcal. which is weakened in the 
case of ethane giving ethyl and hydrogen to about 98 kcal. and further 
weakened for more complicated aliphatic hydrocarbons. 

Thirdly, more precise calorimetric measurements have shown that 
the heats of substitution on a given aliphatic radical K are by no means 
as independent of the nature of R as had previously been supposed on 
the basis of less accurate work. This point has become particularly clear 
from the precise heats of combustion which have been determined in 
the last fifteen years by Rossini and his co-workers ; their values are 

• There are three main opinions on £), the energy of dissociation of CO into 
ground-state atoms, implying three corresponding values for L, the heat of 
vaporisation of carbon to the ground state : 

(a) D — ii-ii cv, (L -= 170 kcal.), 

\h) D ~ 9*14 ev. {L - - 125 kcoh), 

(c) D ~ 6*92 ev. (L = 74 kcal.). 

(a) is the value used by Rossini and Bichowsky on other grounds ; it has since 
been defended on spectroscopic grounds by Kynch, I^enney and Gaydon, cp. 
Gaydon, Dissociation Energies (Chapman and Hall, 1947), Ch. X, where the 
opposing views are clearly discussed and full references given ; it is the value 
recommended by Baughan and by Sidgwick and Springall.^® [h] is the value 
recommended by Herzberg {Chem. Rev., 1937, ^45 '» /• Chem. Physics, 

1942, 10, 306), and by Long and Norrish,*® and adopted by l*auling.® (c) which 
appears to be very low, can be made consistent by assuming that bond strengths 
really refer to the higher ®5 state of carbon ; this argument is mainly due to 
Schmid and Gerb (for references, see Gaydon, op. cit.). Both these authors 
have since died—but their view has recently been defended by Valatin (Nature, 
194^. 237 ; Proc. Physic. Soc., 1947, 59, 502). 

Now that the dissociation energy of (CN), into CN is approximately known,** 
the possibility of deriving L from the dissociation of the CN radical is open. 
So far the published discussions (Springall, Trans. Faraday Soc., 1947, 43, 177 ; 
Gaydon, op. cit.) favour (a) (L — 170 kcal.). 

® For a review of this extensive work see Steacie, A tomic and Free Radical 
Reactions (Reinhold Co., New York, 1945), Ch. VI. 

• Butler and Polanyi, Nature, 1940, 146, 121 ; Trans. Faraday Soc., 1943, 39, 19. 

’ Baughan and Polanyi, ibid., 1940, 146, 685. 

• Anderson, Kistiakowsky and van Artsdalen, /. Chem. Physics, 1942, lO, 305, 

653; 1943. lo- 

® Stevenson, J. Chem. Physics, 1942, 10, 291. 

Sidgwick and Springall, Nature, 1945, 156, 599. 

Bull. Bur. Stand. J. Res., from 1933 to date. 
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confirmed by direct measurements on the heats of hydrogenation and 
bromination of olefines by Kistiakowsky and his school.^® 

We now have, therefore, precise though ambiguous data for the heat 
of vaporisation of carbon, and agreed values for the dissociation energy 
of certain aliphatic boncis, and this increased knowledge has involved 
difficulties for the average bond-strength schemes. Thus it was pointed 
out some years ago that the observed value of the dissociation energy 
of ethane into two methyl radicals agreed with the predictions of the average 
bond-strength systems, provided that (a) the four successive heats of 
hydrogenation of a carbon atom from monatomic vapour in the ground 
state to methane were all the same (the arguments defending this as¬ 
sumption are not, however, beyond criticism. (b) the higher value 
of 170 kcal. was correct for the heat of vaporisation of graphite, although 
at that time the lower spectroscopic value of 125 kcal. had been widely 
accepted. A considerable controversy has since been carried on as to 
the interpretation of the spectrum of CO.* It is not the object of this 
paper to attempt to review this controversy ; if, however, the lower value 
is correct then assumption (^?) must be false. This latter conclusion is 
indej>endently supported by evidence, based again on the observation 
of a pre-dissociation, that the dissociation energy of the CH molecule is 
perhaps as low as 80 kcal.,^^ 23 kcal. less than the dissociation energy of 
CH4. 

At present, therefore, the heat of vaporisation of carbon is still not 
finally established, but two isolated values are the most likely. Ob.served 
dissociation energies imply that, if the lower of these values be correct, 
then the calculation of average bond strengths will involve serious errors 
unless a detailed knowledge of the relative values of the four successive 
heats of hydrogenation of carbon atoms to methane is available.^®* 
The energy of the last of these four steps may be regarded as definitely 
established, and there is some spectroscopic evidence on the first step. 
But values for the two intermediate steps are unknown, for the dissoc¬ 
iation energies CH3 and the CHj molecules have not yet been obtained. 
In a recent paper. Long and Norrish have attempted to solve these 
problems by assuming that the disscx:iation energies of CH and CHj are 
equal, and that, following Mecke,the dissociation energy of methyl into 
CHji 4- hydrogen would be the same as that of methane into CH3 -f- 
hydrogen, except for a supposed change of the valence state of the carbon 
atom, by which the CH3 -> CHj step would be assisted by the whole of 
the energy of the transition of carbon. These assumptions are 

open to some doubt: firstly, the energy of this transition is not yet definitely 
established, and independent evidence from the atomic spectra of carbon 
does not appear to support the value which Long and Norrish have had 
to assume.’' Secondly, there arc .some theoretical reasons to believe that 
the whole of this transition energy should not appear in one single one 
of the four steps.*® Thirdly, there is no conclusive reason to believe that 
the dissociation energies of the CHg and CH molecules are the same, 
or that those of the CH4 and CH* molecules w^ould be the same if it were 
not for the differing valence state of the carbon atom. Fourthly, the 
work of Rice and co-workers on the chemical identification of the free 

Conn, Kistiakowsky and Smith, J. Amer. Chem, Soc., 1938, 60, 2764; 
Dolliver, Gresham, Kistiakowsky, Smith and Vaughan, ibid., 1938, 60, 440. 

Bauglian, Nature, 1941, 147, 542. 

Herzberg, Molecular Spectrum and Molecular Structure—Diatomic Mole¬ 
cules (Prentice-Hall, 1939). Shidci, Japan. J. Physics, 1936, ii, 23. 

Long and Norrish, Proc. Roy. Soc. A, 1946, 187, 337. 

Mecke, Z. Elektrochem., 1930, 36, 589. 

Edien, Nature, 1947, 159, 129. 

Goldfinger, Duchesne and Rosen, Nature, I947» 159» 130. * 

Rice, J. Amer. Chem. Soc., 1937, 4^8. Rice and Glasebrook, ibid., 

I 934 » 2381. 
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radicals produced in the thermal decomposition of methane suggests 
that there is very little free methylene produced, and this fact is difficult 
to reconcile with Long and Norrish’s view which implies that the pro¬ 
duction of methylene from methyl should be particularly easy. If the 
Long and Norrish attempt is invalid it might alternatively be possible 
to calculate the relative energies of the four steps in atomisation of CH4 
from the detailed quantum treatment of the problem. The theoretical 
work that has so far been done on this problem is, however, probably 
not sufficiently precise, and there are indeed serious discrepancies between 
the results of the dihereiit treatments available.^® 

It would appear therefore that the older method of establishing bond 
vStrengths in any organic compounds must be considered unsatisfactory 
until more work, both theoretical and practical, is available on the de¬ 
hydrogenation of methane, and until the heat of vaporisation of carbon 
is independently established beyond reasonable doubt. On the other hand, 
there have been definitely established some few dissociation energies of 
organic molecules. The object of this paper is therefore to try and see 
whether, on the basis of these energies, w'e can set up a table of carbon 
bond strengths in w^hich the dissociation energies of bonds are related to 
some determinable equilibrium property of the same bond, the obvious 
choice being the equilibrium distance between the two atoms composing 
it. Other equilibrium properties which could be considered arc the force 
constant and the ionisation potential of the bond. In this paper, the data 
on force constants provided by the work of Linnett will be used primarily 
to show functional forms that may be expected between distance and 
dissociation energy; it is clear that these data provide a valuable basis 
for this discussion since ditferences in force constants are observed which 
show similar gradations to those inferred for the dissociation energies 
by Butler and Polanyi,® and by Baughan and Polanyi.* The ionisation 
potential, w^iich affords a measure of the wwk of removal from the bond 
of the non-bonding electrons, is a quantity whose relation to the normal 
dissociation energy of the bond is at the moment difficult to understand 
theoretically except in certain simple cases ; this paper will not therefore 
consider the remarkable correlations with ionisation potentials which 
have been established by Walsh. 

It is advisable at this point to discuss the complications in terminology 
which have inevitably been introduced by these modern refinements. 
As long as it was supposed that the average bond-strength scheme would 
give values to be identified wnth the directly observed dissociation energies 
for the split of an organic molecule into free radicals, the term “ bond- 
strength " could be, and was, used indiscriminately for either. Now^ that 
it is clear that the situation is not so simple, a terminology is needed to 
keep these distinctions clear. In this paper from now onwards the 
energetic quantity observed in the actual process of the dissociation of 
a bond into free radicals will be called the “ dissociation energy " of a 
bond ; it is equivalent to the term “ bond energy " in the earlier papers 
by Polanyi and his co-workers.”’ ’ The alternative energetic quantity 
which is essentially defined by the fact that the sum of such quantities 
for a molecule must equal the heat of atomisation of the molecule will 
be called the “ bond strength " ; it must be realised that estimates of this 
quantity may be in error through errors in energies of atomisation. These 
two quantities are unambiguously defined, but a second complication 
is introduced into the relation between them by the fact, insisted on 
particularly by Norrish,®* that “ energies of re-organisation ” must be 
considered. As an example let us take the case of carbon tetrachloride. 

2 ® Linnett, Trans. Faraday Soc., 1940, 36, 1123 ; 1941, 37, 4O9 ; 1942, 38, 1 ; 
1945. 4 L 223 ; Quart. Rev., 1947, * (2)- 

Walsh, Trans. Faraday Soc., 1946, 42, 5O ; 1947, 43, 60, 158. 

Norrish, ibid., 1934, 103 ; Long and Norrish, ref. 
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It is known that the four C—Cl distances are equal, and therefore it is 
possible to define a bond strength in this system which has the interpreta¬ 
tion that it is one-quarter of the total heat obtained by splitting ofi all 
four of the chlorine atoms. If, however, only one of the chlorine atoms 
is taken away, then the C—Cl distance in the CCI3 radical will almost 
certainly change ; it is probable, for example, that in the series CH4 -► CCI4 
the C —^1 distance becomes smaller as the number of chlorine atoms 
increases ; hence there must be a rearrangement process in the CClj 
radical during the dissociation, and to this process must correspond an 
appropriate energy of reorganisation, so that the dissociation energy 
CCI4 CCI3 + Cl will not be equal to the bond strength defined above. 
A more extreme case of re-organisation energy would be in the process 
CH3 ->CHa -f H on Long and Norrish’s view on which the whole of 
the transition energy of carbon would appear as energy of re¬ 

organisation. 

An attempt to compare observed dissociation energies with equilibrium 
distance may therefore be incorrect. The situation is thus far from simple, 
and the present paper can hardly do more than provide the first approxim¬ 
ation, which may however be useful in our present knowledge, since the 
energy of re-organisation is a quantity of which we know very little. 
(As an example of the difficulties, it may be pointed out that the attempt 
of Long and Norrish to estimate the energy of re-organisation terms in 
the dissociation of ethane is open to objection since it assumes that the 
C—H bond strengths in ethane are to be identified with the dissociation 
energy of ethane to ethyl -f- hydrogen.) 

This paper proceeds, therefore, on the following lines : the discussion 
of force constants by Linnett enables one to infer approximately the 
form of relation betw'een tlie equilibrium distances and the dissociation 
energies in carbon-carbon bonds ; the functional form expected on these 
grounds is that suggestc'd on the basis of average bond strengths several 
years ago by Fox and Martin.** As it is not possible to calculate exactly 
the energy of re-organisation terms, the attempted correlation must be 
confined to one between the obser\’ed energies of dissociation and observed 
equilibrium distances. It is recognised that this may involve an error 
due to energy of re-organisation, but it may be hoped that by taking 
sufficient points this uncertainty can be reduced to that of scatter of 
individual points about a common curve. 

The investigations of Linnett consider the problem: wdiat simple 
general form of potential energy V as a function of interatomic distance r 
best gives the observed relations between force constants, distances, 
dissociation energies, etc., wdiich have, from time to time, been recom¬ 
mended by various authors. For this he finds the reciprocal-exponential 
function, 

V == alY’^— 6^-”% 

where a, b, m, n, are constants, to be more satisfactory, for the calculation 
of the force constant, the anharmonicity constant, and the dissociation 
energy for several diatomic molecules than the other tw’o functions, viz., 
V ^ — 6/y” and V = ae-””^ — 6e*"'’ 

(of wdiich Morse’s curve is a special case).*® No doubt better agreement 
could be obtained with more complex forms ; but this simple reciprocal- 
exponential function predicts a relationship between force constant k 

Cp. Pirenne, Diffraction of X-Rays and Electrons by Free Molecules (Cam¬ 
bridge, 1946), p. 142. 

** Fox and Martin, J. Chem. Soc., 1938, 2io(). 

*®Wu and Chang-Tsing Yang, J. Physic. Chem., I944» 48* 295, have con¬ 
sidered the fourth case — 6/r”, finding agreement with force constants 
about as good as Linnett's function adopted here. But calculation^ of dis¬ 
sociation energies from force constant and equilibrium distance is less accurate 
with this new variant. 1 am indebted to one of the referees of my paper for 
bringing this work to my attention. 
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and equilibrium distance r of the form, = constant, and Linnett 

finds, after reconsideration of the methylacetylene and dimethylacetylene 
cases, a close correlation {kr^ — constant) for five molecules, ethane 
CH 3 CN, ethylene, acetylene, and dimethylact'tylene, the first four of which 
enter into Table I in this paper. And as the reciprocal-exponential function 
predicts that where an approximation is constant Dr”* should 

also be constant,* we may expect that for a carbon-carbon bond of 
dissociation energy D and equilibrium distance r, Dr^ should be constant. 

It is to be observed that this argument does not in any way involve 
the heat of vaporisation of carbon, and that the form predicted is pre¬ 
cisely that found by Fox and Martin,®* who used average bond strengths, 
although the average bond strength system involves different errors in 
C—C, C==C, C = C bonds ; this is probably due to the fact that these 
authors followed Sidgwick ® in taking the heat of vaporisation of carbon at 
150 kcal., which value would give average bond strengths in closer agreement 
with observed dissociation energies than the 124 kcal. adopted by Pauling.® 

It remains therefore to recheck the Fox-Martin rule, whose soundness 
has been confirmed by Linnett’s investigations, on the empirically ob¬ 
tained dissociation energy of carbon-carbon bonds. For this purpose, 
the basic experimental datum is the methyl-hydrogen dissociation energy 
in methane,’ and its calorimetrically corresponding value for the CH3—CH3 
energy in ethane, since, from these two energies we have, for any case 
for which we know the dissociation energy of any given R —C or R —H 
bond, the possibility of obtaining another experimental datum by replacing 
the carbon or hydrogen on R by a methyl radical ; the energy of this 
replacement can be obtained from heats of combustion. This argument 
provides the dissociation energies for some of those interesting carbon- 
carbon single bonds which have been shown by Pauling, Springall, and 
Palmer to be abnormally short because of their proximity to double 
or triple bond carbon atoms. 

The following list gives therefore some directly determined dissoci¬ 
ation heats and equilibrium distances ; the dissociation heats are written 
in the notation: Z)(R- 5 -R) implies the heat of dissociation of the R* — R 
molecule at the R~R bond into two R radicals. Distances are those found 
from (E.D) electron diffraction, (X) X-ray diffraction, (S) spectroscopic 
measurements, and are expressed in a. 

(a) Ethane. D(CH3-”CH3) -= 89 kcal.;’ ro = 1*55 (E.D). This 
value of D has already been discussed. 

(b) Ethylene. D(CH2=^CH2) = 145 kcal. ; ’ this value is supported 

by the ultra-violet predissociation which gives D ^ 163 kcal. ; ^0 — 

1-353 (S) or 1-325 (S). 

By removal of one hydrogen from each of two ethylenes, and sub¬ 
sequent reuniting, we get butadiene. 

CHa-CHg + CHa^CH* -> CHa-CH—CH-CHj-f H,. 

* To some extent, the argument is circular, since one of Linnett’s reasons for 
adopting the reciprocal-exponential form was that it gave empirical equations 
of the form, Dr* -- constant ; but examination of his actual evidence shows, 
however, that this was given comparatively minor weight compared with the 
force constant data. 

In theory clearly we should refer a correlation of bond energy and distance 
to the bond energy at the absolute zero of temperature ; in fact, the data are 
not in general available so that at present we mu.st consider the heats of dissoci¬ 
ation at constant pressure at room temperature. The errors so introduced are, 
however, small compared with the uncertainties in the two main quantities. 

Pauling, Springall and Palmer, J. Amer. Chem. Soc., 1939, 61, 927. 

All distances quoted in this paper come from the summary in Pauling’s 
book, ref. *, Ch. V, unless otherwise stated. 

Price, Physic. Rev., 1944, 45, 843 ; Hilgendorff, Z. Physik, 95, 781. 

*• Galloway and Barker, J. Chem. Physics, 1942, lo, 88. 
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The overall heat of reaction = — 5 kcal. (combustion heats). Taking the 
heat of removal of this one hydrogen as 106 kcal.,*^ we get 

- 2 X 106 + D(CHa=CH-^CH=CH,) -f 103 = - 5. 

hence 

D = 104 ; Yq = 1-46 (E.D). 

(c) Acetylene. D(HC=CH). Price®® estimates the energy of 
dissociation of this bond to be “ slightly less than 187 kcal." Although 
this value is based on a predissociation, and the interpretation of pre¬ 
dissociation of polyatomic molecules is not unambiguous, acetylene 
appears to be a very simple case, = 1*204 (^)- 

Again, Cherton has pointed out that in ultra-violet light (or in a 
high-frequency discharge) acetylene gives diacetylene, and gives reasons 
for supposing that the dissociation energy T)(CH~C“-H) must be about 
121 kcal. The heat of reaction CH4-fHCsCH Hg-j-CHs—C = CH is 

known to be —6 kcal., whence from the dissociation energy of the 
methane molecule (— 103), the joining together of two hydrogens (-f 104) 
and the HC = C—H value of 121. we obtain for methylacetylene 
Z)(CH3-^C = CH.) - 1T4 ; ro = 1*462 (S). 

(d) Cyanogen. The dissociation energy D(CN—CN) of this molecule 
has been determined from optical estimates of the temperature variation 
of the concentration of the CN radical in cyanogen. This experiment 
has given two estimates, 146 kcal. (White®*), 77 kcal. (Kistiakowsky 
and Gershinowitz ®®) which differ enormously. The higher value is approxi¬ 
mately supported by kinetic data,®* and by observations on photochemical 
thresholds,®® and the lower value depends on optical technique which 
can be shown to be inadequate. We shall therefore adopt here the 
value proposed by Evans and Walker,"® after discussion of this evidence, 
i.e. D ~ 130 kcal. Yq == 137 (E.D). 

From the values of D(H *~H) and D(CN-J^CN), we can 

get D(CH3—CN) from the heat of the reaction 

2CH4-f-(CN), 2CH3--~CN-f H3 

from heat of combustion. 

Unfortunately this calorimetric quantity is uncertain, since there is 
a discrepancy in recent values for the heat of combustion of cyanogen. 
Thus V. Wartenberg and Schutza obtained 261-3 kcal. (I) for 

C,'^t{g) + 20,(g) ^CO,(g)+^,{g) 

but found 4 % of the nitrogen as oxides, for which correction had to be 
made. Me Morris and Badger,®* by a different technique, found no cor¬ 
rection necessary (negligible proportion of oxides of nitrogen) and obtained 
251-4 kcal. (II). Clearly this heat is not established; the latter value 
is probably preferable since the reaction was more straightforward, but 
both points are plotted. From these data, and the heat of combustion 
of CHjCN gas quoted by Bichowsky and Rossini we obtain 

D(CH3-"CN) 109 (I) ; - 114 ( 11 ) ; »'o -- 1*49 (E.D.). 

{e) Benzene. An approximation can be obtained in the following way. 
In the absence of resonance energy the bond would be expected to be halfway 

Price, Physic. Rev., 1945, 47, 444. 

** Cherton, Bull. Soc. chim. Belg. 1943, 52, 26. 

** White, J. Chem. Physics, 1940, 8, 463. 

®* Kistiakowsky and Gershinowitz, ibtd., 1933, i, 432. 

•* Robertson and Pease, ibid., 1942, 10, 490. 

** Hogness and T’sai, J. Amer. Chem. Soc., 1932, 54, 123. 

*• Evans and Walker, Trans. Faraday Soc., 1944. 4O1 393- 

von Wartenberg and Schutza, Z. physik. Chem. A, 1933, 164, 3^6. 

*• McMorris and Badger, J. Amer. Chem. Soc., i933» 55 » 1952. " 

•• Bichowsky and Rossini, Thermochemistry of Chemical Substances (Reinhold, 
New York, 1937). 
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between the C—C in ethane (89 kcal.) and the C—C in ethylene (145 kcal.) 
i.e. II 7 kcal. But the benzene structure is known to be particularly 
stable by about 40 kcal. ; splitting this 40 kcal. evenly between all the 
six C—C bonds we obtain 124 kcal. for each. (This treatment neglects 
the change in C—H bonds.) Here Tq = 1-39 (E.D and (X). 

Hence we have Table I, arranged in order of D. 

TABLE I. 


Point No. 

Bond. 

D. 

(kcal.) 

fo. 

(A.) 

I 

CH3C^H3 

89 

1-55 (E.D) 

2 

CH,=CH-*.CH=CH3 

104 

1*46 (E.D) 

3 

CHa-i-CN 

IO9-II4 

1-49 (E.D) 

4 

CH 3 - 5 -CSCH 

II4 

1-462 (S) 

5 

Benzene 

124 

1-39 (E.D, X) 

6 

CN-^CN 

130 

1-37 (E.D) 

7 

CHa=^CHj 

145 

1-353 (S) or 1-325 (S) 

8 

CH = CH 

187 

1*204 (S) 



To check the Fox-Martin rule, Fig. i shows a plot of log D against 
log f 0 for the eight points given in Table I. It can be seen that a straight 
line of slope corresponding to = 3 passes well through the points; the 
uncertainty in this slope is difficult to assess, since the data are not of 
equal merit. Fig. 2 shows this relation in another form, the relation, 
DrJ = constant, being the smooth curve drawn through the experimental 
points. The mean scatter of the individual points corresponds to 
± 0 015A. to fo, or to ±4 kcal. in D, of the same order as the experi¬ 
mental errors. At this stage in the argument we may consider other 
equations which have been proposed as improvements on the Fox-Martin 
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approximation. Here the important point arises that on average bond 
strength systems, errors in the basic assumptions do not enter as constants 
into a correlation of this kind. Thus an error x in the vaporisation heat 
of carbon on the average bond strength scheme involves an error of \x 


TABLE II.— C—H Bonds 



D. 

1 

f. 

Dr*. 

^caic. 

CH . 

80 

1*120 

(126) 

93 

CH4 .... 1 

103 

1*093 

146 

103 

Ethylene . 

lOf) 

1*071 

140 

III 

Acetylene . 

121 

1*057 

Mean 146 

117 


in a C—C bond, or in a C bond, or 3 j^x in a C C bond. Since almost 
inevitably ethane, ethylene and acetylene become basic points for such 
schemes, there are therefore few empirical discussions of the Fox-Martin rule 
since their original paper in 1938 which add anything new ; an exception 
may be made of the interest¬ 
ing paper by Skinner/® in 
which for the first time the 
variation of the C—H Ixjnds 
is explicitly considered, and 
the application of the dis¬ 
tance—bond strength correla¬ 
tion is extended to several 
other types of bond. 

This relation may be 
further applied. For example, 
we may invert an argument 
of Fox and Martin ** and con¬ 
sider diamond and graphite. 

Fox and Martin pointed out 
that since each carbon in gra¬ 
phite has three nearest neigh¬ 
bours while in diamond it has 
four, and since the heats of 
combustion show that the 
energies of formation of these 
two crystals from carbon vap¬ 
our are very closely equal, 
then the C—C bond strength 
in graphite must be 4/3 times 
that in diamond. They used 
this argument to provide a 
point for their illustration of 
Dr^ — constant. Assuming 
that Df^ is constant, this 
argument can be inverted to 
predict that the C—C spacing 


observed value in diamond is 1*545 a, whence in graphite it should be 1*404, 
the observed value being 1*421 a. The discrepancy corresponds only to 
about 4 kcal. per carbon atom, which is of the same order as the inter- 
lamellar van der Waals’ forces in graphite which have been neglected. 



Skinner, Trans. Faraday Soc., 1945, 41, 645. 
Observed values from Riley, quoted by Skinner, ref. 
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Data for the detailed application of these ideas to other carbon bonds 
are still more inadequate. Thus for C—H bonds, we have only the spectro¬ 
scopic method of estimating the distance. Linnett pointed out that 
the relation, kY% — constant, held between force constant and distance 
for the three cases : CH, CH4 and C^H g, implying DrJ constant. An attempt 
to check the functional form shows difficulty in relating to the other two 
the CH dissociation energy which is still only roughly known. It is prob¬ 
ably better to take the last three points in Table II. (cp. Skinner ^®). 

It can be seen that = constant fits the experimental points to 
within their probable error, but also that the range of variation is so 
small that almost any reasonable function would do—the simple linear 
dependence proposed by Skinner,*® for example. A distinction might 
be reached if we knew the data for the CH molecule more accurately. 
For other bonds on carbon atoms the data are still more inadequate. 

It is maintained, therefore, that the construction of a detailed carbon 
bond energy system on the basis of bond distance provides a useful ap¬ 
proximation, in the light of which deviations from Fig. 2 may be con¬ 
sidered as requiring special explanation ; and this approximation may, 
if its range of validity be properly established, provide a method of estim¬ 
ating bond dissociation energies independent of the assumptions, at present 
very doubtful, inherent in average bond strength systems. More data 
are evidently required, but there is at any rate one exception already 
known where a bond of roughly normal length is w^eak due to resonance 
in the radicals produced by dissociation, which may be regarded as energy 
of re-organisation (Fig. 2 contains, of course, cases of bonds abnormally 
short and requiring abnormally high energies to dissociate them because 
of resonance in the molecules before dissociation.) This case is that of the 
central bond of bibenzyl, which can be dissociated into free radicals by 
about 50 kcal.*^ yet this length is 1-48 a. (X), corresponding to 104 kcal. 
from Fig. 2. It might appear therefore that the Fox-Martin rule in its 
revised form will take account of abnormal bonds in the original mole¬ 
cule, but not take account of bonds, otherwise normal, which can be un¬ 
usually easily broken through resonance stability of the products. The 
C—C spacing in the simple aliphatic hydrocarbons is possibly an inter¬ 
esting case from this point of view, since the theory of Evans, Polanyi 
and the author interprets the difference in dissociation energy in this series 
as mainly due to resonance stability of the radicals; on this interpretation 
one would not observe the lengthening by 0-03 a. from CH3--~CHs to 
w-butyl—CH s which would be predicted by taking the dissociation-energies’ 
at their face value. 

Finally, we may revert to the question of the heat of vaporisation 
of carbon and consider some implications of this new line of argument. If 
we consider a gaseous hydrocarbon C„,H„, containing a carbon-carbon 
links of bond strengths . . . Aj, and n C—H links of bond strengths 
B . , . Ba, then clearly if Ilf be the exothermic heat of formation of 
C„jH„ from graphite and hydrogen, and D the heat of the reaction, 
H -f H -> Ha (104-1 kcal.), we have 

~mL ~ nfzD -f ZA -}- == Hf, 

ft n 

where L is the heat of vaporisation of carbon. Of these quantities, Hf, and 
D are well known. Supposing now we take ZA as given by the sum of 

the appropriate Fox-Martin predictions (an assumption true only if re¬ 
organisation energy be neglected) then 

mL - ZB ^ ZA - n/zD - ^ Z, 

the right-hand side of the equation being known. Let us call this quan¬ 
tity Z, We can now obtain L if ZB is known. It has already been pointed 

** Szwarc, Faraday Soc. Discussions, 1947, 2. 

** Baughan, Evans and Polanyi, Trans. Faraday Soc., 1941, 37, 377. 
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out that assumptions about this sum are inevitably made in the use of 
average bond strength systems ; what is not so generally realised is that, 
if L is to be chosen to give the best agreement with observed bond dissoci¬ 
ation energies of C—C bonds, then different values of L are obtained from 
different assumptions about SB. 

We may illustrate this point from the four molecules : C2Hg, C,H4, 
CH4 and CgHe. The Hf values arc respectively — 54, — 13, + 18 and 20 
kcal.,^^ D is taken throughout at 104 kcal. Taking the C—C bond 
energies as given by 338/^5 (except that for ethane 8 q is taken as standard), 
we have at this level of approximation the SA values 194, 136, = o, 89, 

taking for ethylene ** as 1-353 a. 

Hence for the four hydrocarbons C2H2. G2H4, CH4 and CaHg we deduce 
the Z values, 4-144. ~ 59. — — 243 kcal. (p, q, r, 5 ). If we make 

the assumption that all C—H bonds are identical, then SB — ny, when 

y has a constant value ; this assumption is inherent in Pauling's treat¬ 
ment,® and although Sidgwick ® makes a distinction between aliphatic 
and aromatic C—H bonds, he also assumes all aliphatic C—H bonds to 
be identical. By straightforward elimination of y between the four Z 
values we obtain six values for L : 173 (p,q), 171 {p, r), 169 {p, s), 167 (q, r), 
155 {q, 5), 192^ (r, s) kcal. with a mean L — 171 3- q kcal. This is essentially 
a more sophisticcited form of the argument used by the author in 1941.^® 
From L = 171, the four molecules give for y the values 99, 100, 99, 
98 kcal., or 99 4_ i kcal. for the mean C—H bond energy. 

Let us now try another approximation : that in any one molecule, 
at any rate, all the C—H bonds are the same, and the energy can be ob¬ 
tained from the smoothed Fox-Martin values in Table II, taking the ethane 
value at 98 kcal. Hence the SB values are respectively 2 x 117, 4 X iii, 

4 X 103, 6 X 98, whence we deduce for the L values 189, 193, 186, 
178 kcal., or a probable value of t 88 kcal. This is a generalisation of the 
argument put forward by Cherton for the special case of acetylene. 

Suppose now we try the special case of methane CH4. There are 
four steps : 

C {- H CH 4- oc kccil. 

CH 4- H ->CH2 4- iS ,. 

CH2 4 -H->CH 3 4 - y M 
Clla 4- H ->CH4 4 - 8 .. 

and let us accept a — So, 8 — 103 kcal. If we take a == j 3 , y = 8, 
and equally if we assume a constant stepwise change from a through 
to 8 . . . then SA -- 366 and L — 140 kcal. Clearly yet further refinements 

would be possible if we knew the real ratios of a, p, y, 8 to one another. 

These simple arguments show how the proper values for L in average 
bond strength systems depend on the assumptions made about the C—H 
bonds. Of the three different assumptions made, the first is almost certainly 
untrue, so is the second, and the third is without any independent justifica¬ 
tion. For application of average bond strength schemes to resonance 
energies, these uncertainties tend to cancel out; for application to calculation 
of activation energies, we should choose the value which gives the best 
agreement with observed dissociation energies. This will depend on the 
assumptions made about the C—H bonds. But, as has been pointed 
out, the lengths of C—H bonds call only be determined for a very few 
particularly simple molecules. Hence in the actual application of average 
bond strength systems, one is practically forced to assume that all C—H 
bonds are the same. If this assumption is made, then L = 170 kcal. 
gives a consistently usable basis for such schemes which enable them to 
be applied to bond dissociation energies as a first approximation ; the 
use of the values 150, 124 kcal. assumed by Sidgwick * and Pauling * 
respectively, involves the same incorrect assumption, but has not this 
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advantage. Any improvement in the basis of such systems must await 
the establishment of L from diatomic molecules (CO, CN),* or directly, 
and the definitive solution of the problem of the CH4 molecule. 

Chemistry Department, 

Military College of Science, 

Shrivenham, 

Nr. Swindon, Wilts. 


THE SECOND DISSOCIATION CONSTANT 
OF MAGNESIUM HYDROXIDE. 

By D. I. Stock and C. W. Davies. 

Received 2^rd October, 1947. 

Measurements of the hydrolysis of aqueous salt solutions are subject 
to numerous errors, of which the following have proved to be the most 
difficult to eliminate : (i) the salt used as starting material, either on 
account of hydrolysis during recrystallisation, or through contamination 
by mother liquor, may not contain precisely equivalent amounts of acid 
and base ; (2) the /)H of the unbufEered solution is very sensitive to im¬ 
purities, of which the commonest is CO2; (3) the liquid measured may 
contain insoluble products of hydrolysis, sometimes described as in colloidal 
solution ; and (4) hydrolysis may proceed by stages, so that hydrolysis 
constants calculated from isolated measurements will be unreal. 

We have studied the strength of magnesium hydroxide by a method 
involving the electrometric titration of MgClj solutions with Ba(OH)2, 
and believe that in this way we have avoided the errors enumerated. 
Magnesium chloride samples recrystallised from neutral and acid solutions 
were used in different runs, and the excess acid present in the latter case 
could be accurately allowed for by an analysis of the titration curve. 
Accurate allowance was also made for the CO* present, the amount of 
this being determined for each sample of conductivity water used in making 
up solutions, and the whole titration then being carried out without ex¬ 
posing the solutions to atmospheric contamination. Finally, the titration 
technique enabled the dissociation constant of the metal hydroxide to 
be calculated after each addition of Ba(OH)2, that is, for gradually in¬ 
creasing concentrations of the hydrolysis products, and the constancy 
of the K values so obtained served as an indication that a homogeneous 
equilibrium was actually being studied ; difficulties of the kind listed 
under (3) and (4) would have been exposed by a drift in the calculated 
K values. 

Experimental. 

Materials.—The “ acid ” magnesium chloride was prepared by dissolving 
a.r. magnesium chloride crystals in conductivity water and precipitating with 
gaseous HCl. After removing mother liquor by suction they were used without 
further treatment. The “ neutral ” sample was prepared from this by three 
recrystallisations from conductivity water in Pyrex apparatus. The Ba(OH), 
solution, prepared in the usual way, was stored in a nickel container ‘ and 
standardised, through BCl, against NajCOj. 

The water used never exceeded 0*75 x io“* ohm*' cm.*' conductivity. The 
CO, content of each batch was calculated from its conductivity, using for the 
first dissociation stage of carbonic acid the values * ~ 4*45 . lo*’ and ^ 

-do(H* -f- HCO,') ~ 394*4- The procedure assumed that CO, was the only 
impurity present, and this assumption was confirmed by titrating a sample of 

' Righellato, Analyst, 1934, 59 » 104 - 

*MacTnnes and Belcher, J. Amer. Chem. Soc., 1933, 55, 2630, 

® Shedlovsky and Macinnes, ibid., 1935, 57, 1705. 

* Robinson and Davies, J. them. Soc., 1937, 574 - 
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water with baryta, in the way described in the next section, when the following 
results were obtained : 


370*2 g. water titrated with baryta containing 0*04654 equiv. Ba(OH)a per 
kg. solution. Specific conductivity of water 0*42 . io“* ohni~^ cra.~^, giving 
total COa-content = 3*61 . io-« mol./I. 


g. Ba(OH). . 

0*063 

0*129 

0*237 


0*710 

1*352 

P^ohu. 

8*65 

9*10 

9*42 

0*64 

9*92 

10*21 

P^^CtklC. • 

8*6^ 

9*10 

9*41 

9*62 

9*92 

10*20 


The figures shown as />Hcaic. were obtained by first calculating the amount of 
baryta used in reaction with COj ; this correction can be obtained from the 
observed pu value in conjunction with the known dissociation constants of 
carbonic acid.® When this correction is deducted from the total weight of 
baryta added, the remainder gives the free alkali, and />Hcaic. is the pn value 
that this will establish in the solution. The size of the COg-correction can be 
estimated from the fact that if it had not been applied the first />Hcaic. value would 
have been 8*90. The good agreement of the calculated with the observed values 
.shows that the conductivity of the water gives an adequate measure of its 
COj- content. 

Apparatus and Procedure. —The glass electrode was a commercially made 
bulb which w'as filled with a solution 0*2 n. with respect to both HCl and KCl ; 
connection to thi.s was made by a scaled-in .silver-silver chloride electrode. The 
reference electrode consisted of another silver-silver chloride electrode sealed 
into a tube'eontaining n. !\C 1. This terminated in a length of very finc-borc 
thermometer tubing carrying a ground-glass caj). It was flushed through with 
KC'I before eacli run. The titration ves.sel was a sca.soned Pyrex flask, the stopper 
of whic h carried, in addition to the electrodes, two inlet tubes with caps, through 
one of which the stem of the weight burette could bc‘ inserted whilst a stream of 
purified air entered the vessel through the other. The vessel was supported in 
a thermostat maintained at 25^' c. J_ o*oi® c., and all mea.suremcnts were made 
at this temperature. 

In carrying out a run, the stopper carrying the electrode system was trans¬ 
ferred to a subsidiary vessel, and the electrode system standardised against a 
scries of standard buffers.* I'hc a.symmetry potential was found to var^’ very 
slightly from day to day, though a linear relation between e.m.f. and pn was 
maintained. The electrode system was then washed with conductivity water, 
the KCl bridge and cap flushed out, the whole superficially dried and placed in 
the titration vessel and pure dr\* air passed. A suitable quantity of conductivity 
water was then weighed in, the sample of solid salt added, and, when this had 
completely dissolved, the pu was measured, and a sample of the solution was 
removed for analysis through a Pyrex siphon-tube. The pn was then checked, 
and the weight-titration against baryta begun. The filling and manipulation 
of the weight burette, like all other operations, were effected without exposing 
the solutions to unpurified air. 

Results. 

A titration run with the " neutral ” sample of magnesium chloride gave the 
following results. 

TABLE 1, 

Specific conductivity of water ~ o*()5 x lO”* ohm“^ cni.~^ ; hence CO, 
content of w’ater -- 7*77 . lo*"* mol./I. Initial weight of solution titrated — 
354*4 g. ; initial concentration of MgCl,- 0*02959 mol./kg. Concentration 
of barium hydroxide ^ 0*04654 g.-equiv./kg. 


g. Ba(OH), . j 

0 

0*0305 

0-0555 

o*o8()0 

0-II55 

0*1440 

pH. 

6*32 

7 -i8 

7*0.i 

7*90 

8*00 

<S*20 

[MgOH*] . lo* 



— - 

— 

0*505 

1*07 

PK. . . j 

1 

i 


— 

2*5(> 

2*6 r 

g. Ba(OH), . 

0*2110 

0*3015 

0*6215 

[•0030 

; 1*530 


PH. 

8*40 

8*58 

«*95 

9*24 

1 0*45 


[MgOH*] . io‘ 

1*67 

2*68 

()*i6 

10*00 

15*08 


PK. 

2*67 

2 *09 

2*69 

2*hl 

2*54 

- 


* Clark, Determination of Hydrogen Ions, 192S, p. 200. 




DISSOCIATION CONSTANT OF Mg(OH)a 


858 


The first two rows of figures give the experimental results. The extent of 
hydrolysis is calculated from these on the assumption that the first product 
of hydrolysis will be the MgOH* ion. An}’' appearance of the species Mg(OH)2 
at the higher pn's will be shown by a drift in the calculated basic dissociation 
constants. 

The first step is to calculate the amount of baryta used in reacting with CO|. 
This is obtained from the dissociation con.stants : 


[H2C03] 


Aj — 4*45 X 10“'', 


and 


umico/] 

[HCOg'J 


== = 5’7 X ; 


and/j are ion activity coefficients for univalent and bivalent ions respectively, 
and were calculated from the equation : ® 


log/.= -0-5..“(^^^-0-20/). 


These equations may be combined to give : 

[hco3'](i + 7;^])= rco.w.1. 

and the concentration of the bicarbonate ion can be found by inserting in this 
equation the known concentration of COj, and the hydrogen ion concentration 
as given by the equation : piiobs. — — log/i[H*J. The concentration of the 
carbonate ion can now be got from the equation. 

If the magnesium ion had no acid properties, that is to say, if hydrolysis 
did not occur, the measured pK should correspond with the amount of barium 
h}rdroxide not used in this reaction with carbonic acid. Actually it is less, and 
the deficiency of hydroxide ion is attributed to the reaction : 

OH' -I- Mg*» MgOH-. 

The simplest starting point for calculating the extent of this reaction is the 
condition of electroneutrality of the solution, which gives : 

2[Mg-] + [MgOH-] + 2[Ba-] + [H-] - [Cl'] + [OH'] [HCO3'] 4- 2[C03'']. 

Remembering that the magnesium and chloride radicles are present in equiv¬ 
alent amounts, i.e. : 

[Cl'J - 2[Mg-J 4- 2 [MgOH-j. 

this equation becomes 

[IVIgOH-] - 2[Ba-] 4 - [H-] - [OH'] - [HC03'J 2rC03''J, 


in which all the terms on the right-hand side can be calculated. 

The second dissociation constant of magnesium hydroxide is now calculated 
fMg—IfOH'l 

from the relation : K ~ /j . ' |Ty4gQ ' j negative logarithms of these 

calculated values are given in the last row of Table 1 . The titration was 
stopped at pa - 9*45 to prevent precipitation of magnesium hydroxide. In 

the range studied, which covers a 25-fold change in the concentration of the 
MgOH- ion, the pK values remain reasonably constant, and it may therefore be 
concluded that the formation of Mg(OH), does not occur to a significant extent. 

Further measurements were made with higher concentrations of magnesium 
chloride. These are not reported here, as the ionic strengths of the solutions 
were too great for full reliance to be placed on the empirical activity-coefficient 
equation used. Within the limits of this uncertainty they confirmed the result 
given above. The “ acid ” magnesium chloride was next studied, and the results 
for a low concentration run are given in Table 11 . 

The preparation clearly contained a considerable quantity of free H('l. The 
amount of this w'as determined by plotting the above figures as a differential 
titration curve, when a sharp endpoint was found at 8*240 4: 0*002 g. Ba(OH)| 
solution. Some of this baryta, however, had reacted with CO*, and a further 
very small quantity had been utilised in forming MgOH- ion ; these corrections 
could be calculated from the interpolated pH (6*6o) at the endpoint, combined 
with the known dissociation constants of carbonic acid and the previously 
found constant for the MgOH- ion ; they amounted in all to 0*052 g., and, 
deducting this correction, 8*188 g. baryta was found to be the equivalent of 


• Davies, /. Chem. Soc., 1938, 2093. 
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the free HCl in the original solution. 8‘i88 g. was therefore deducted from all 
the titration figures, and the calculation of [MgOH*] and oipK was then carried 
out exactly as before, with the results shown in the table. The mean is 2*57, 
and in view of the excellent constancy of the pK values in thefse acid solutions 
we give double weight to this figure, as compared with the mean value, 2*62, 
of the previous table, and derive the final value = 2*58, or K = 2*6 . io“® 
for the second dissociation constant of magnesium hydroxide. 

TABLE II. 

Specific conductivity of water — 0*75 x 10-® ohm~^ cm.“^; CO2 content 
of water = 10*02 . io“® mol./I. Initial weight of solution titrated — 350*7 g. ; 
concentration of MgCl, at free acid end-point = 0*02888 mol./kg. Con¬ 
centration of barium hydroxide = 0*04654 g.-equiv,/kg. 


g. Ba(OH), . 

0 

1*202 

5*717 

7*628 

7-934 

8*0085 

PH. 

2*82 

2*92 

3 * 4 « 

4*07 

4*37 

4*51 

g. Ba(OH). . 



8*170 

8*1945 

8*2255 

8*249 

pH. . . ! 


Mm 

5*19 

5*43 

6*03 

6*91 

g. Ba(OH)i . 

8*281 

8*311 

8-341 

8*400 

8-459 

8*553 

PH. 

7*73 

7*99 

8*19 

8-43 

8-58 

8*76 

[MgOH‘] . io‘ 

— 

<^•493 

0*804 

1*40 

2*01 

2*96 

Pk. 


2*50 

2*57 

2*57 

2*58 

2*57 

g. Ba(OH), . 

8*648 

8*8015 

9*410 

9*922 



pH. 

8*88 

9*03 

9 * 3 fi 

9*49 



[MgOH*] . io» 

3-94 

. 5*52 

11*7 

17*2 



PK. 

2*57 

2-57 

1 

2*57 

2*60 




Earlier determinations of the constant have been made by KolthofE"^ and 
Gjaldbaek.® Kolthofi used a colorimetric method and obtained values va^ing 
between 1*6 . lO"® and 5 7 . io“® ; his mean value, K — 0*004 ± o*ooi is in 
reasonable agreement with ours. Gjaldbaek titrated solutions of magnesium 
chloride saturated with magnesium hydroxide at 18° c. He adopted the value 
K — o*oo8, but his measurements in solutions of reasonably low ionic strength 
agree better with our results than this figure would indicate. 

Summary. 

The second dissociation constant of magnesium hydroxide has been deter¬ 
mined by electrometric titrations of magnesium chloride solutions with barium 
hydroxide. The carlK)n dioxide content of the solutions was carefully controlled 
and allowed for in the calculations. The value K — 2*6 . io~® was obtained. 

Battersea Polytechnic, Edward Davies Chemical Laboratories, 

London, S.PE.ii. Aberystwyth, Wales. 


’ Kolthoff, Rec. trav. chim,, 1923, 42, 977. 

® Gjaldbaek, Z, anorg, Chem., ic)25, 144, 283. 






STUDIES IN ELECTROLYTIC POLARISATION. 

PART V.—HYDROGEN OVERPOTENTIAL 
IN METHANOLIC SOLUTION. 

By J. O’M. Bockris and Roger Parsons. 

Received zgih October, 1947. 

The effect of the solvent on hydrogen overpotential has been the subject 
of little experimental work. In this work, until recently, single systems 
only have been studied. Thus, Swann and Edelmann ^ studied over¬ 
potential at a few cathodes with acetic acid as solvent. Lewina and Silber- 
farb ® studied a Hg cathode with ethanol, Novoselski ® a Hg cathode with 
ethanol and methanol, and Pleskov * Hg, Ni, and Pb cathodes with liquid 
ammonia as solvent. The work of Swann and Edelmann appears to be 
invalidated by neglect of precautions against resistance error in a system 
of very high resistance. The only valid result from Pleskov's work appears 
to be that for the nickel cathode * which is not directly comparable with 
work in aqueous solutions owing to the temperature (— 30° c.) at which 
these measurements were carried out. Hickling and Scilt,* using an 
electronic interrupter, measured hydrogen overpotential at Hg, W, platin¬ 
ised Pt, Sn and Pb in n. HCl solutions in glycol, ethanol and cyclohcxanol. 
Bockris,® and Bockris and Ignatowicz ’ have studied hydrogen overvoltage 
at the cathodes, Pb, Sn, Cu and Ni, in aqueous-non-aqueous mixtures as 
well as in the various solvents. 

The work of Bockris ’ has clearly shown that a marked solvent effect 
exists, and that it appears io depend on the cathode material. This 
apparent dependence is of considerable theoretical interest and has been 
investigated in the following work on the overpotential of a relatively 
large number of cathode materials in methanolic solutions of HCl. 

Experimental. 

It was decided to use the direct method of measurement at c.d.’s between 
lo*"® and 10“*^ amp./cm.® because at c.d.’s less than io“^ amp,/cm.® the direct 
method is less open to criticism than the interrupter method, the resistance of 
N. HCl in water and methanol being relatively low. The lower limit of c.d. was 
chosen in order that extreme precautions to remove depolarisers were rendered 
unnecessary.® Hydrogen chloride was cluxsen as the electrolyte because, of the 
strong acids, it may be most readily purified and dried. 

The choice of cathode material was limited to those available in suitable 
form and purity, and which are insoluble in normal aqueous and methanolic 
HCl. Those materials which it was found practicable to use were Ag, Au, Bi, 
C (in rod and filament form). Mo, Pd, Pt (smooth and platinised), Ta, Tl, and W. 
Ni, Pb and Cu were studied by Ilockris and Ignatowicz.*» ^ AU the solid metals 

• The results on Pb and Hg cathodes are vitiated by the pre.sence of visible 
films of amalgam on the metal surface. 

^ Swann and Edelmann, Trans, Amer. Electrochem. Soc., 1930, 58, 75. 

• Lewina and Silberfarb, Ada Physicochim., 1936, 4» 275. 

•Novoselski, J, Physic. Chem. Soc. Russ., 1938, 11, 369; Per, Inst, physik. 
Chem. Acad. Wiss. Ukr., 1938, 11, 125. 

• Pleskov, Ada Physicochim,, 1939, ii, 305. 

• Hickling and Salt, Trans. Faraday Soc., 1941, 37, 224. 

• Bockris, Faraday Soc. Discussion, 1947, i. 95. 

® Bockris and Ignatowicz, Trans. Faraday Soc., 1948, 44, 519. 

• Hickling and Salt, ibid., 1941, 37, 319 ; Azzam and Bockris (in press). 
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used were of the highest purity obtainable, usually Hilger Spectroscopic brand. 

The choice of the solvent has been discussed by ]fi)ckris,® who stated five 
criteria for a solvent to be used in measuring hydrogen overpotential. These 
are completely satisfied only by the lower aliphatic alcohols, so that by con¬ 
siderations of availability in relatively large quantities the choice falls upon 
methanol or ethanol. Of these, methanol was chosen as being the more readily 
purified and dehydrated. 

Apparatus and Technique of Measurements.—^The cell and solution 
vessel used were in three sections of Pyrex glass construction so that, at no time, 
was the solution in contact with anything but Pyrex glass, platinum, the cathode * 
in use, and hydrogen (Fig. i). The cell itself was in two parts connected by 



ground-glass joints. The smaller part was the anode compartment (A) \vhile 
the larger consisted of the cathode compartment (B), the hydrogen electrode 
vessel (C), and the hydrogen distribution system (D). Diffusion of dcpolarisers 
from the anode was hindered by a plug of glass-wool at the base of the anode 
compartment (E). The hydrogen distribution system was arranged so that, 
from a single point of entry, hydrogen could be bubbled through the anode, 
cathode, and hydrogen electrode vessels and the solution vessel, and could be 
controlled by means of ungreased glass taps. The anode w’as a piece of Pt foil 
about 2 cm.* in area supported by a Pt wire sealed into a vertical tube fused 
to the glass stopper. The cathode, which was renewed for each experiment, 
was supjx)rtcd in glass tybing (vide infra) which was passed through a wider 
tube sealed into the stopper and held outside the cell by a gas-tight rubber sleeve. 
The platinised Pt reference electrode was held in the stopper of the reference 
electrode compartment in the same way. 

The third section of the apparatus was the solution preparation vessel (F) 
which was arranged so that it could be made the receiver in an all-glass distillation 
apparatus. The stopper was provided with two Pt wire electrodes (G) held 
a fixed distance apart for measurement of conductivity. This vessel had bubblers 
for the introduction of hydrogen (H) and HCl gas (J). It could be connected 
to the base of the cathoide compartment by means of a ground-glass joint so 
that the prepared solution might be blown into the cell under hydrogen pressure 

* The experimental details of this work have been described fully hs it has 
become obvious that such details are necessary to assess the value of any work 
in this subject (cp. Levina and Sarinsky •*). 
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without coming into contact with air. The four vessels were each fitted with 
an exit bubbler charged with the solvent to prevent diffusion of air into the 
apparatus. 

Hydrogen. Oxygen-free hydrogen from a cylinder was led through three 
Drechsel bottles (one with a sintered-glass bubbler) containing alkaline pyro- 
gallol made up according to Haldane and McGill,* followed by one Drechsel 
bottle of distilled water. It was then dried by passing through three U-tubes 
packed with CaClj (anhydrous), a Drechsel bottle containing a.r. cone. H,S04 
and three U-tubes packed with a mixture of P^Og and powdered glass. It was 
finally passed through a bubbler containing a sample of the solvent in use. The 
joints between the glass apparatus were arranged so that as little rubber as 
possible came in contact with the hydrogen. 

Hydrogen Chloride. The generator and drying train were of all-glass 
construction so that the HCl did not come into contact with rubber, because 
the reaction between HCl and rubber is appreciable. The HCl was generated 
by dropping H2SO4 on to NH4CI made into a sludge with cone. HCl, all reagents 
being of a.r. quality. It was then dried by passing through a tube 30 cm. long 
and I cm. diam. packed with anhydrous CaCl,, two bubblers containing cone. 
II2SO4 and another tube, as above, packed with PjOg and powdered glass. After 
passing through a trap it was introduced into the solution vessel by means of 
a bubbler. The concentration of the solution was determined by conductivity 
measurement, carried out by means of the electrode (G). 

Preparation of Solvents. — ^W^ater. Ordinary distilled water was redistilled 
from alkaline KMnOg .solution and fractionally condensed in a block tin con- 
demser of the type recommended by Vogel and Jeffery.'® The resulting “ equili¬ 
brium " water was distilled in a hydrogen atmosphere in an all-Pyrex glass 
apparatus using fragments of porous pot to prevent " bumping." The distillate 
was collected in the solution preparation ve.s.sel (vide supra). 

Methanol. Commercial " pure " methanol was subjected to a preliminary 
drying by refluxing for at least lo hr. over 300 g. of freshly calcined CaCl* per 1 . 
of methanol and by distilling in an all-glass apparatus. The resulting alcohol 
w'hich contained less than i % water was finally dried by the method of Lund 
and Bjerrum.*^ The methanol was then distilled in a hydrogen atmosphere 
into the solution preparation ves.sel using all Pyrex apparatus. 

Hydrogen chloride w’as then passed into the solvent, which was stirred with 
hydrogen, until the conductivity of the solution showed it to be of normal con¬ 
centration. The solution was forced by hydrogen pressure into the electrolysis 
cell which had previously been swept out with hydrogen. 

Cleaning of Apparatus. —The cell and solution vessel were cleaned thoroughly 
between each experiment with chromic sulphuric acid followed by much streaming 
water. Before experiments using aqueous .solutions the apparatus was rinsed with 
distilled water and finally with " equilibrium " water. Before experiments 
using methanolic solutions, the cell was rin.sed with ethyl alcohol (absolute) 
and ether or acetone, and then dried by passing through it a current of filtered 
and dried air. 

Preparation of Cathodes. —Three types of preparation were u.sed. 

(a) Electroplating. —The details are summarised in Table 1. 


TABT.K I 


Metal. 

Elcctnjlyte. 

Current Density. 

Time. 

Substrate. 

Notes. 

Platinised 

platinum 

HjPtCL 


5 min. 
each way 

Pt 

Ellis '* 

Palladium 

PdClj 

3*io“® amp./cm.* 

2 hr. 

Pt 

Rough 

deposit 

Gold 

KAu(CN)2 

3*10'“® amp./cm.* 

3i hr- 

Pt 

"1 Field 
> and 

Silver 

KAg(CN)2 

3* 10”* amp./cm.* 

2 hr. 

Cu and Pt 

J Weill *« 


• Haldane and McGill, Analyst, 1933, 58, 378. 

Vogel and Jeffery, /. Chem. Soc., 1931, 1201. 
" Lund and Bjerrum, Ber., 1931, 64, 210. 

Ellis, J. Amer, Chem. Soc., 1916, 38, 737. 
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The platinised Pt and Pd electrodes were kept in “ equilibrium ” water until 
required. The Au and Ag electrodes were washed well and dried with filter- 
paper, Immediately before use they were wiped with filter-paper and washed 
with " equilibrium ” water for a standard time (cp. Grant,Hickling and Salt 

(6) Melting-In.— This method was used for the lower melting metals. 
Hilger “ spectroscopically standardised *’ metals were melted in a crucible and 
poured into Pyrex glass tubing to set. For Tl, the tube was L-shaped and was 
held .so that the open end was closed by a porous porcelain plate. The molten 
metal was poured in, a Cu wire inserted, and the Tl allowed to solidify. The 
cathode consisted of a circular surface which was freshly cut with a hard steel 
knife immediately before the experiment. For Bi, some of the molten metal 
was drawn up into a straight tube, containing a Cu wire, and allowed to solidify. 
Part of the glass surrounding the metal was removed leaving a cylindrical cathode 
sealed into the remaining part of the glass tubing. These soft metal cathodes 
were scraped with a hard steel knife and wiped with filter-paper for a standard 
time immediately before use (vide supra). 

(c) Sealing-In. —Carbon rod and filament cathodes w^ere sealed into glass 
tubing by means of a blowpipe and pre-treated before use in a similar manner 
to the soft metal cathodes. 

A special method was developed for the hard metals, W, Mo, smooth Pt, 
and Ta. It was found that although these could be sealed into glass, a thin 
film of oxide w'as formed which vitiated results. Tungsten and Mo were there¬ 
fore sealed into glass in a hydrogen atmosphere as follows. A piece of 5 mm. 
Pyrex tubing about 30 cm. long was gently heated about 8 cm. from one end 
and drawn so that a slight constriction was formed. When the glass had cooled, 
a piece of 2 m’ni. wire about 3 cm. long was placed in this constriction. Hydrogen 
was passed through the tube to sweep out the air. The end of the tube 
nearest the constriction was then sealed, the excess pressure being relieved 
through a mercury trap, and the metal wire sealed at the constriction for 
about 0*5 cm. of its length. Immediately before use, the short end of the 
tube was broken off just below the seal and the cathode put immediately into 
the solution. The cathode material .should thus be completely freed from ad¬ 
sorbed matter except hydrogen, and is kept in a hydrogen atmosphere until 
immediately before use.^ 

For Ta, however, this method proved un.satisfactory, the metal becoming 
so brittle as to be unusable. A similar result would be expected using pure Nj 
so that Ta, which was in the form of 0*2 mm. wire, was scaled into Pyrex tubing 
using a 99 % argon—-i % nitrogen mixture instead of hydrogen as in the above 
method. 

Reference Electrode. —The reference electrode u.sed was a hydrogen 
electrode prepared by the method of Ellis which w'as chosen because no 
additives arc present in the platinising solution. The reference electrode was 
checked between each experiment against a calomel electrode. 

Electrical Circuit. —The polarising current was derived from the iiov. 
D.c. supply by means of two potential dividers, and was measured using a 
Cambridge ITnipivot univensal microammeter. The potential between the 
cathode and tlie reference electrode was measured by means of a Cambridge 
portable potentiometer. 

General Procedure of Overvoltage Measurement.—After the solution 
had been forced into the cell, the stopper of the cathode compartment was 
momentarily removed and the electrode inserted. In work at high c.d.’s there 
is evidence to show that traces of oxygen, possibly introduced into the solution 
by this procedure, have inappreciable effects on the overvoltage.® The electrode 
was arranged so that it pressed firmly against the Luggin capillary. Hydrogen 
was bubbled through each compartment of the cell throughout the experiment. 
The potential of the electrode against the reference electrode was followed until 
it became " approximately constant " (vide infra). The electrode was then 
polarised negatively at a series of increasing c.d.’s with “ rest ” periods between 
each polarisation (cp. Part II). In both “ rest ” and polarisation periods the 
potential was followed until it became “ approximately constant.” The potential 
was taken as ” approximately constant,” following the convention of Hickling 
and Salt,^* when it changed by less than o*oi v. in 30 min. If, as occurred in 
a few experiments, the potential did not reach this degree of constancy within 

* For a later development of this method, see Bockris and Conway.^ 

“ Grant, Trans. Faraday Soc., 1928, 24, 226. 

Hickling and Salt, ibid., 1940* 3 ^, 122b. 
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2 hr., the value accepted was that attained after 2 hr. The electrode and solu¬ 
tion were completely renewed for each experiment. All experiments were carried 
out at room temperature of which the extremes recorded were 14° c. and 23® c., 
the temperature generally being between 17° c. and 20° c. 

Results. 

These are summarised in Table II. 

TABLE II 

Figures in parentheses refer to the total number of experiments performed 
on the given system including preliminary experiments made using different 
methods of preparing the electrode surface. 


Cathode. 

Solvent. 

Overpotential in Volts at— 

Mean 
Deviation 
from Mean. 

No. of 

Experiments. 

10-* 

amp./ 

cm.2. 

10-2 
amp. / 
cm.2. 

5 . 10*“* 

amp./ 

cm.*. 

10-' 

amp./ 

cm.*. 

l*t 

HgO 

0*OT 

0*02 

0*03 

0*04 

± 0*00 

2 

(platinised) 

MeOII 

0*01 ! 

0*02 

0*02 

0*03 

0*00 

2 

Pd 

H,0 

0*01 

0*02 

0*03 

0*04 

± 0*00 

3 


MeOH 

0*01 

0*03 

0*05 

0*0() 

0*00 

2 

Au 

HaO 

0*12 

0*19 

0*19 

0*21 

0*01 

2 


MeOH 

0*20 

o*2b 

0*30 

0*31 

± 0*01 

2 

C (rod) 

H,0 

0*15 

0*20 

0*22 

0*25 

_L 0*01 

2 


MeOH 

0*30 

0*32 

0*33 

0*33 

:1- 0*01 

2 

C (fil.) 

H,0 

0*21 

0*27 

— 

0*37 

-1. 0-05 

5 


MeOH 

0*38 

0*43 

— 

0*31 

0*04 

3 

Mo 

HaO 

0*13 

0*17 

0*20 

0*23 

± 0*01 

2 


MeOH 

0*28 

0-32 

0*34 

0*33 

^ 0*01 

3 

Ta 

HjO 

0*20 

0*28 

0*39 

0*44 

0*06 

4 


MeOH 

o*3C 

0*41 

0*48 

0*52 

± 0*02 

2 

W 

HaO 

0*11 

0*15 

0*17 

0*19 

4 o*oj 

2 


MeOH 

0*32 

0*36 

0*38 

0*39 

i. 0*04 

4 

Ag 

HaO 

0*39 

0*71 

0*93 

0*61 

J 0*03 

2 (14) 


MeOH 

0*21 

0*25 

0*27 

i 0*28 

0*00 

2 (6) 

Bi 

HaO 

0*33 

0*4.5 

0*52 

0*34 

± 0*01 

2 


MeOH 

0*32 

0*38 

0*41 

0*43 

4 0*01 

2 

T 1 

I 

o*6i 

0*72 

1*12 

I-I5 

± 0*03 

3 


MeOH 

0*44 

0*34 

o*6o 

0*62 

+. 0*01 

2 

Pt 

HaO 

0*27 

0*49 

0*37 

0*62 

± 0-07 

3 (9) 

(smooth) 

MeOH 

i 

O'19 

0*24 

0*30 

0*33 

:i 0*02 

2 (6) 


Reproducibility.—The mean deviation from the mean over the whole series 
of the experiments is :f 0*02 v. For the experiments in aqueous solution it 
is 0*024 V., and in methanolic solutions it is -Ji o*oi6 v. Details of the repro¬ 
ducibility in each system are recorded in Table II. 

The Overpotential-log (Current Density) Relation.—The plot of over¬ 
potential against log (c.d.) is linear for Au, Bi, C, Pd, Pt (platinised), and W in 
both aqueous and methanolic solutions, for Ag, Pt (smooth) and T 1 in methanolic 
solution, and for Mo in aqueous solution. The curves for Ta appear to curve 
upwards slightly in both solutions but the reproducibility of these results is 
not sufficient to justify consideration of this as a definite effect. It seems 
unlikely that this effect is due to ohmic overpotential, because the deviation 
from linearity is less in methanolic than in aqueous solution, whereas the re¬ 
sistance of methanolic HCl is greater than that of aqueous HCl. Pt (smooth) 
shows a slight deviation in the opposite direction but again the reproducibility 
is insufficient to establish a definite effect. The overpotential on Mo in methanolic 
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solution tends to decrease with c.d. from 5*10“® to io~^ amp./cm.*. This seems 
to be a definite effect as the reproducibility is ± o*oi v. Similarly, the curves 
for Tl and Ag cathodes in aqueous solution are sufficiently reproducible to define 
their shape. Tl shows a sharp increase of 0*4 v. in its overvoltage between 
io“* and 5‘io~* amp./cm.*. It is po.ssible that at the lower c.d.'s dissolution 
of Tl took place. Silver shows a maximum in the curve at 5*io~* amp./cm.*.* 
In spite of these few irregularities the solvent effect on these cathodes is quite 
definite. 

The change of solvent appears to affect not only the absolute value of the 
overpotential, i.e. the constant a in the Tafel equation, but also the slope of 
the overpotential-log (c.d.) plot ; i.e. fe in the Tafel equation. Considering the 
effect on both these quantities it appears that the cathodes studied may be divided 
into three groups. 

A. Those for which there is no great change in either a or b, e.g. Pt (platin¬ 
ised) and Pd, and to a lesser extent Au (also Ni ®) for which both a and b are slightly 
increased in methatiolic solutions (Fig. 2). 

B. Those for which a is increased in methanolic solutions by about 0*2 v. 
as compared with water, and for which b is decreased by approximately 0*02 v., 
e.g. C, Mo, Ta and W (Fig. 3). 

c. Those for which both a and b are decreased in methanolic solutions, e.g. 
Ag, Bi, Pt (smooth) and Tl (also Pb, and Cu ’) (Fig. 3 and 4). 

Rate of Growth of Overpotential.—^The above classification seems to be 
supported by the study of the rate of attainment of a steady overvoltage. The 
time variation on metals of group a is ver>^ small. Thus, only on palladium 
at TO”* amp*./cm.* at which an undcrvoltage is exhibited for a few minutes can 
any time variation be said to exist. The metals of group B show a striking 
similarity of behaviour in aqueous solution. At lo'® amp./cm.* when polarisa¬ 
tion is commenced, the potential of the cathode is approximately 0-15 v. more 
negative than the final value. The potential becomes more positive with decreas¬ 
ing rapidity until it approaches the approximately steady state (vide infra for 
discussion). At the higher c.d.’s the final value is reached soon after the polar¬ 
ising current is switched on. 

The metals of group c show two types of behaviour. The time variation on 
Bi and to a lesser extent Tl is small in aqueous solution, while for smooth Pt 
and Ag the overpotential rises considerably to more negative values. In meth¬ 
anolic solutions generally the time variation seems to be less, constant values being 
usually obtained within a few minutes of .switching on the polarising current. 

A general parallelism between the above classification of cathodes and 
properties such as melting-point of the metals may be noted. 

Discussion. 

Variation with Tim.i.—The variation with time during the establish¬ 
ment of hydrogen overpotential is an aspect of overpotential which has 
received little attention by most previous authors. Hickling and Salt 
have suggested that the variation is essentially due to the slow attain¬ 
ment of equilibrium of electromotively active atomic hydrogen at the 
cathode. This would occur more rapidly with the electro-deposited metals 
than others because of the probable co-deposition of hydrogen during the 
electrodeposition of the metal, in agreement with the results reported in 
the present paper. It is also in accord with the small time variation 
reported by Hickling and Salt on W cathodes because in the process 
of manufacture of tungsfen, this metal is repeatedly annealed in hydrogen. 
The present results do not support this contention, however, because 
both W and Mo cathodes were sealed into glass in a hydrogen atmosphere 
but still showed a considerable variation of overpotential with time 
during the first 2 hr. of polarisation at 10amp./cm.*. Further, for C, 
Mo, Ta and W, a decrease of overpotential with time after commence¬ 
ment of the polarising current has been observed ; although this might 

* Recent work on solid silver cathodes has confirmed the above general shape 
of curve in solutions purified as in the work described in this paper, but tends 
to show that this maximum is eliminated on further purifying the solution by a 
preliminary electrolysis on an auxiliary silver cathode. 

Hickling and Salt, Trans, Faraday Soc., 1942, 38, 474. 
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be regarded as an approach to equilibrium from a condition in which an 
excess of hydrogen existed in the electrode for the cathodes Mo and W, 
this suggestion cannot account for the almost identical behaviour of Ta 
which was sealed in an argon atmosphere and C which was sealed in air. 
The argon contained about i % N, so that it may be that the decrease 
with time for these cathodes is caused by the reduction of nitride and 
oxide films respectively (cp. A 1 cathode studied by Hickling and Salt^*). 
It may also be noted here that Pt (smooth) although sealed in a hydrogen 



Fig. 5. 

atmosphere by the same method shows an increase of overpotential with 
time at lo-^ amp./cm.*. This would support the contention that the 
time variation is due to a specific property of the metal and does not arise 
primarily from the method of preparation. 

Another possible explanation of the variation of hydrogen overpotential 
with time rests upon the supposition of a slow attainment of adsorption 
equilibrium with the anions in solution, but this is hardly admissible here, 
the chloride ion having poor properties of adsorption (cp. variation with 
time possibly caused by iodide ion adsorption, Jofa, et 

Lastly, the possibility that the variations with time are due to the 
presence of impurities in the solution mu.st be considered. The im¬ 
purities which would be likely to cause such variation are oxygen and 
metal ions. Thus Bowden and Rideal working at lower c.d.'s found 
that oxygen caused variation of overvoltage with time, but it seems un¬ 
likely that this efiect would occur at the relatively high c.d.'s used in 
this work and with the precautions taken to exclude oxygen. Again, 

Jofa ct aL, Acta Physicochim., I 939 » *0, 319. 

” Bowden and Rideal, Proc. Roy. Soc, A, 192 18,20, 59. 
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the presence of oxygen in the solution might explain an increase of over¬ 
potential with time but not a decrease (vide supra). Lewina, Lukowzew 
and Frumkin,^® in their work on Ni cathodes consider the marked time 
variation observed to be due to the presence of an oxide film introduced 
during the heating of the cathode in moist hydrogen. Recent work in 
this laboratory has shown that this time variation occurs with cathodes 
that have been heated and sealed in a hydrogen atmosphere inside a glass 
envelope which is broken in the hydrogen-saturated solution. (The 
discrepancies between the results on W cathodes of Hickling and Salt and 
of the present authors were further investigated in subsidiary experiments. 
With a solution made by diluting a more concentrated stock solution (made 
from pure HCl and “ equilibrium water) with “ equilibrium ” water and 
saturating with hydrogen, very little time variation of the overpotential was 
observed (the absolute values were in close agreement with those obtained by 
Hickling and Salt ^* ** ). With a solution prepared by the method described 
in this paper, however, the marked decrease of overpotential with time at 
lo"® amp./cm.* noted above, occurred ; smaller variation was observed 
at other c.d.*s (the absolute values from this type of experiment, which 
are those quoted in this paper, are considerably lower for W cathodes 
than those obtained using the less pure stock solution)). 

The Effect of Change of Solvent.—The results reported in the present 
paper on the high overpotential metals, Bi and Tl, are in agreement with 
those reported by Levina and Silberfarb,* and by Novoselski * on mercury 
at low c.d.'s, for which metal a lowering effect w'as found to be caused by 
the substitution of ethanol or methanol for water as the solvent. The 
results are also in accord with those of Bockris ® and Bockris and Ignatowicz ’ 
on Pb and Sn cathodes at high c.d.\s,* and the order of the change is about 
o-i-o *2 V. for all these metals. 

The principal result arising from the present work is the very clear 
emphasis of the dependence of the solvent effect upon the cathode material, 
namely that, in a general w^ay, the overpotential in methanolic solution 
is lowered on the high overpotential metals, raised on the medium over¬ 
potential metals, and not greatly altered on the low overpotential metals, 
compared ^vith the overpotential in aqueous solutions. 

According to the theory of slow neutralisation as presented by 
Frumkin,^® if approximate constancy of the gradient of the overpotential- 
log (c.d.) relation in the two .solvents water and methanol is assumed, 
then change of solvent may affect the terms C and C in the equation, 

^ RT. . RT. 

I? = c + In » - — In + {, 

The electrokinetic potential at sintered SiO,-solvent interface in water 
and methanol was measured by Imai who used the method of streaming 
potentials. This worker gives the value in water as —* 0 045 v., and in 
methanol as — 0*079 v. These results would seem to indicate the direction, 
and possibly the order, of the effect to be expected from the change in 
electrokinetic potential, namely, a lowering of about 0 03 v. 

The constant C is stated by Erdy-Gniz and Volmer to contain rate 
constants which depend on the ability of the electron to escape from the 

* The observations quoted are all in disagreement with those of Hickling and 
Salt * who found that the non-aqueous solvent tended to raise the overpotential 
on high overpotential metals. These results are rendered doubtful by the fact 
that Hickling and Salt used sealing wax as a support for cathodes. As sealing 
wax is appreciably soluble in alcohols a consistent poisoning of a working cathode 
might be expected. 

Lewina, Lukowzev and Frumkin, Acta Physicochim., 1939, ii, 21. 

Frumkin, Z. physik. Chem., 1933, 164, 121. 

Erdy-Gruz and Volmer, ibid., 1930, 150, 203. 

, " Imai, Bull. Inst. Phys, Chem. Res. Tokyo, 1934, 73, 1351. 

** Eyring, Glasstone and Laidler, J. Chem. Physics, 1939, 7, 1053. 
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metal lattice and neutralise the H+ ion in the double layer. It appears 
probable that the solvation sheath of an adsorbed ion in the double layer 
is deformed and that the rate of electron escape to the adsorbed ion is 
largely independent of the ionic solvation in the bulk of the solution, 
and controlled by the adsorption energy level of the ion and the work 
function of the metal. Hence, the constant C would not on these grounds 
be expected to alter significantly with change of solvent, so that, having 
regard to the probably small efiect of change of solvent on the electro- 
kinetic potential, Frumkin’s theory does not seem to yield an adequate 
explanation of the present results. 

Butler has given a general treatment of the energetics of the slow 
discharge of H3O+ ions, without reference to a detailed mechanism of the 
reaction. According to this, for discharge, the cathode potential, V, is 
given by 

< J - 5 - R - ^.(i) 

where I is the ionisation energy of H+, 5 the proton-solvent interaction 
energy, i? the repulsive energy between the neutral H atoms and the 
solvent molecule, and ^ is the work function of the cathode material; 
S depends upon the solvation energy of 11 + in methanol. It is possible 
to calculate the solvation energies of HCl in methanol from heat of solu¬ 
tion measurements at great dilution. To obtain the heat of solvation 
of H+ in methanol it is necessary to make some assumption regarding the 
distribution of the solvation heats between the H+ and Cl- ions. The 
calculations of Elcy and Pepper give a value of about 79 kcal./g. ion 
for the energy of solvation of Cl- in methanol and acceptance of this figure 
and calculations from the heat of solution of liCl in methanol gives the 
solvation energy of H+ in methanol as approximately 257 kcal./g. ion, 
compared with 270 kcal./g. ion for H+ in water. (Caution is necessary 
in applying any simpler method of approximate evaluation of solvation 
energies : e.g. the use of the Born equation with the macroscopic values 
of the dielectric constants of water and methanol obviously indicates a 
change in solvation energy in the other direction.) 

Any calculation of R in niethanolic solution is uncertain because it 
is based on equations applicable strictly only to symmetrical bodies. 
For this latter case, R is given by an equation of the form 

R == /fj -|- 

where r is the distance of the internuclear separation of the atoms or mole¬ 
cules concerned. There seems to be no way of calculating any change 
in upon transition from water to methanol though there is some reason 
by analogy of the effect on Aj of size in rare-gas repulsion-energy equations 
to consider that the change in will be very small. The distance r will 
be the same in the two systems to the first approximation as clearly r 
is a function of the hydrogen-oxygen bond length rather than the sum of 
the radius of the solvent molecule regarded as a sphere and that of the 
hydrogen atom. It can be considered, therefore, that the change in R 
on transition from water to methanol is somewhat uncertain and probably 
very small. This change will be assumed here to have a negligible effect 
on overpotential. 

It follows that the change in the solvation energy of the proton on 

Levina and Sarinsky, Ada Physicochim., 1936* 5 » 49 i- 
** Field and Weill, Electroplating. 

Buckley and Hartley, Phil. Mag., 19*29, 8, 320. 

*• Bockris and Conway, J. Sci. Instr. (in press). 

Bockris, Trans. Faraday Soc., (in press). 

*• Butler, Proc. Roy. Soc. A, 1936, 157, 423. 

Eley and Pepper. Trans. Faraday Soc., 1941, 37 » 581. * 

Gentile, Z. Physik, I930» 63, 795. 

Slansky, J. Amer. Chetn. Soc., 1940, 62, 2430. 
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the transition water to methanol as solvent is mainly responsible for the 
change in cathode potential which, according to the above solvation 
energy value, should become about 0*56 v. more positive in methanol 
than in water. To evaluate from this the corresponding change in over¬ 
potential, the effect of the solvent upon the potential of the reversible 
hydrogen electrode must be considered. If A is the energy of adsorption 
of atomic hydrogen on the surface of an electrode then, for an electrode 
which adsorbs hydrogen, the condition for discharge is 

< / ^ S - R - ^-h . (2) 


It can be shown that the reversible potential is affected by the factors of 
eqn. (2). Three possibilities hence arise for the effect of the solvent on 
overpotential according to this treatment. Firstly, if the A term is 
not of importance for the working electrode (which is probably the case 
for high overpotential metals) and the A term for the reversible electrode 
is unaltered on change of solvent, no notable change will occur in over¬ 
potential because the solvation energy and other terms tend to annul 
each other at the working and stationary electrodes. This ca.se does not 
accord with any observed result, overpotential being considerably reduced 
in methanol for the high overpotential metals. Secondly, the A term of 
the reversible electrode may be affected by the solvent but A may still 
be an unimportant term for the working electrode. It may be reasonably 
supposed that the adsorption energy A of hydrogen atoms on the reversible 
electrode in methanol is decreased, so that the reversible potential tends 
to become more negative. Hence, the overpotential would be lowered, 
and, as the cathode potential for the high overpotential metals according 
to this treatment is uniformly made more positive by the change in solva¬ 
tion energy from water to methanol, the lowering of overpotential indicated 
would be approximately constant as is so for Bi, Tl, Sn and Hg. In a 
third case, when the working electrode is a metal of low overpotential, 
the A term for this electrode becomes important and the solvent effect 
on overpotential would be expected to depend on the difference between 
the solvent effects on the A term for the working and reversible hydrogen 
electrodes. For platinised Ft and Pd which have similar properties to 
the reversible hydrogen electrodes, it is clear that only a very small solvent 
effect would be expected. For the group of metals which, according to 
the present work, are of intermediate overpotential properties and exhibit 
increased overpotentials in methanolic compared with aqueous solutions, 
it would be possible to postulate that the lowering of the energy of ad¬ 
sorption of hydrogen caused by the change of solvent to methanol is 
much more on the working cathode than that on the reversible electrode. 
The potential of the working electrode would hence become more negative 
relative to the reversible electrode .so that the overpotential would increase. 
This latter interpretation involves, however, a purely ad hoc, and not 
very plausible, assumption. 

In the theory of absolute reaction rates as applied to hydrogen over¬ 
potential,it is assumed that the slow stage is the prototropic transfer of a 
hydrogen atom from a solvent molecule in the solution layer near the 
cathode to a solvent molecule in the layer of solvent molecules attached 
to the cathode. The equation relating the overpotential (t;) to the current 
density (i) is : 


i = C 


(—\~ 
V hJN 


e 


»f}F 

e«r 


or 


V = 


RT. . RT. _ , AG+ , 
^In^^—lnC + —+ 


olF 


In 



where C is the surface concentration of the reaction species ; AG**" is the 
free energy of activation of the slow process, a is a proportionality factor 
and R, T, h, N, k, and F have their usual significance. 
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C can be calculated following the method of Eyring, Glasstone and 
Laidler from the known size of the methanol and water molecules. The 
change in C is found to lead to an increase of 0*02 v. of the overpotential 
in methanolic over that in aqueous solution (if a is assumed to be J). 
AG* should be, as pointed out by Eyring, Glasstone and Laidler, analogous 
to the free-energy change (AG) for the reaction : 2ROH ^ ROHj^ -f RO-. 

Since the ionic products (k,) of both water and methanol are recorded 
in the literature, it is possible to calculate AG from the reaction isotherm, 

AG = - Jjrin f 

Therefore the absolute values of overpotential can be calculated from 
the above equation. At 25° c. it is found that at 10amp./cm.* the 
overpotential in aqueous solution should be O'44/a and in methanolic 
solution 0*58/a. Thus, if a remains constant at the usually quoted value 
of 0*5, the overpotential in methanolic solution is predicted to be 0-28 v. 
higher than in aqueous solution. This is in agreement with results in 
group B. To account for the experimental results of little change of 
overpotential on group a, an increase of a of about 50 % with change of 
solvent would be required. However, it seems probable that AG would 
vary with change of electrode material in a parallel manner in both solvents 
and that for .low overpotential metals corresponding to low AG values 
a smaller change in a would therefore be required to produce similar ab¬ 
solute values in aqueous and methanolic solutions. For the metals in 
group c, however, an extremely large increase of a (i.e. decrease in b) 
would be required which is certainly not observed experimentally. 

The above prediction of the solvent effect calculated quantitatively 
from the theory is in the opposite sense to that suggested qualitatively 
by Eyring, Glasstone and Laidler, but it may be emphasised here that the 
slow stage considered is RG — H f ROH RO“ -f H20-'-R, which is the 
same as that considered by Eyring, Glasstone and Laidler. f 

One of us has recently suggested that the slow combination theories 
of overpotential may be modified in a way to take into account specifically 
the solvent effect by assuming that there is a layer of solvent molecules 
attached to the cathode, either predominantly by long-range coulombic 
forces for the high overpotential metals, or predominantly by short-range 
adsorption forces for the lower overpotential metals of greater adsorbing 
power.’’ The strength of attachment of the solvent to the latter (if the 
two solvents concerned have approximately the same order of ability to 
form hydrogen bonds, as have water and methanol) must be about the 
same and the slow combination reaction on the surface (for example, but 
not necessarily, the combination between hydrogen atoms) is not greatly 
affected, though tending to be raised in methanolic solutions owing to the 

* It must be observed that the AG used here is not the true AG+ for the slow 
reaction at the cathode-solution interface, as is clear from the fact that, were 
this so, it would imply a constant value of the overpoteiitial on all metals. The 
method used (following Eyring, Glasstone and Laidler --) results in an order 
value for hydrogen overpotential in general. This value is connected to the 
true value of AG=+^ by a term involving the heat of adsorption of hydrogen atoms 
on the metal surface, i.e. the factor upon which, according to the absolute re¬ 
action rate theory, the effect of electrode material on hydrogen overpotential 
depends. However, this term n\ay be regarded as approximately unaffected by 
the solvent, so that calculation of the difference of the overpotential on the same 
metal in two different solvents is not essentially altered by its neglect. 

t Prototropic transfer from the H,0+ or ROHj^ complex is not considered here 
because, in following Eyring, Glasstone and Laidler, the same interpretation 
of the constancy of the B factor as given by these authors must be made and 
this precludes the possibility of discharge from the solvated ion. There is, of 
course, as yet no evidence that B is also constant or pseudo-constant in methanol, 
evidence concerning which matter must await work on the energy of activation 
and effects in non-aqueous solution. 
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larger size of the methanol molecule. Conversely, for the high over¬ 
potential metals, to which the solvent is attached predominantly by 
electrostatic means, the lesser polarisability of the methanol molecule 
presumably causes a less intense attachment of methanol molecules to 
the cathode surface ; so that, in accord .with the results observed, the 
overpotential is lower in methanolic than in aqueous solutions. Thus, 
the solvent effect is considered to be primarily due to variations in the 
hindrance to the combination reaction on the cathode surface caused by 
the presence of solvent molecules. 

Conclusions.—It can therefore be concluded that the present measure¬ 
ments are in consonance with the slow discharge mechanism for metals 
of high overpotential. The lack of a solvent effect on low overpotential 
metals could also be explained on this theory but the value of a for these 
metals cannot. The behaviour of metals of intermediate overpotential is 
also unexplained by this theory. The postulate of a solvent layer at the 
electrode surface which affects the velocity of combination of H atoms on 
it allows qualitative explanation of all the results. As, on other grounds, 
this theory is less probably applicable to metals of high overpotential, it 
probably forms a satisfactory interpretation only of the results on metals 
of intermediate and low overpotential. The reaction rate theory is not 
applicable to the results at the “ high and “ low ” groups of metals but 
applies to the “ intermediate " group, so far as direction of change is con¬ 
cerned, but not in regard to the gradient of the tj-log i lines, wliich should 
remain independent of solvent according to the theory (as a depends on the 
existence of a symmetrical distribution of solvent on the cathode and solu¬ 
tion sides of the double layer and it appears that this should exist on the 
basis of the theory for methanol as well as for water). 

Summary. 

The hydrogen overpotential has been determined at the metals Bi, Tl, Ag, 
Ta, C (filament), C (rod), W, Mo, Au, Pt and Pd, in methanolic and aqueous 
acid .solution over the c.d. range io~®-to“^ amp./cm.*. The Tafel equation is 
generally applicable to the results except for those on Tl and Ag in aqueous solu¬ 
tion. Some evidence is given that this lack of applicability is due to a poisoning 
effect. 

The effect of change of solvent from methanol to water for the electrode 
materials, platinised Pt, Pd and, to a le.s.ser extent, Au (also Ni®) is that little 
change occurs in either a or ft of the Tafel equation ; on C, Mo, Ta, W, a is raised 
and ft slightly decreased ; for Ag, Bi, Pt (smooth) and Tl (also Pb and Cu ’), 
a and ft are decreased. 

If the adsorption energy of a metal of low overpotential is less in methanolic 
than in aqueous solution, the results may be best interpreted by a slow discharge 
mechanism for the metals of high overpotential and by a slow combination 
mechanism for the metals of lower overpotential, assuming that adsorbed solvent 
molecules affect the rate of combination of hydrogen atoms. 

Imperial College, 

London, S.W.y. 



MOLECULAR FORCE FIELDS. 

PART III.—THE VIBRATION FREQUENCIES OF 
SOME PLANAR XY3 MOLECULES. 

By D. F. Heath and J. W. Linnett. 

Received 2ist November, 1947. 

Previous work on molecular force fields has shown that the simple 
valency force field fails to account for the vibration frequencies of many 
molecules. Modification of this force field has been carried out mainly 
by the introduction of “ cross-terms.” This procedure has hardly been 
satisfactory, for only very rarely has it been possible either to predict 
which cross-terms should be important or to account for the importance 
of those which have been found empirically to be necessary.^ In a pre¬ 
vious paper, however, we showed that the vibration frequencies of the 
tetrahalides of Group IV elements could be correlated by adding to the 
simple valency force field a potential energy (P.E.) function, involving 
two constants, which represents a van dor Waals’ type of repulsion be¬ 
tween the halogen atoms.* The field we then used was still not wholly 
satisfactor\^ for reasons discussed in our next paper, but there is no doubt 
that the addition of such a field between the non-bonded atoms ^vill always 
be found necessary whenever the non-bonded atoms are crowded together. 

In the present pajier we have studied the vibration frequencies of six 
planar mohxniles and ions, HF3, BCI3, BBr,,, C'Oa", NOj- and SOg. It 
is well known that the simph* valency force field is inapplicable to the 
out-of-plane vibrations of planar molecules and that, in the past, these 
have only been accounted for by the introduction of a separate angle 
bending-constant for the oiit-of-planc (A 2^) vibration.* 

We find that, by means of a new' field differing from the simple valency 
force field in its treatment of angular distortion, w'e can correlate satis¬ 
factorily all tour fundamentals of these molecules using onh' one constant 
for angular distortion. 

In order to derive this field, it is assumed that the bond-forming 
orbitals of an atom X are set at definite angles to each other, and that 
the most stable bond is produced when one of these orbitals overlaps 
the bond-forming orbital of the second atom Y to the maximum possible 
extent.^ If Y is now displaced perpendicular to the bond a force will be 
set up tending to restore it to its most stable position. For the vibration 
to be simple harmonic the restoring force must be proportional to the 
perpendicular displacement of Y, and consequently to the angular dis¬ 
placement, AjS. 

For the planar molecule XY3 it is obvious that if the orbitals are sym¬ 
metrical about their axes the restoring force for a given angular distortion 
in the plane is equal to the restoring force for the same displacement 
out of the plane. That is, the contribution to the potential energy of a 
distortion, Aj8,;, of the bond XY from the axis of the orbital ij is given by 

2V = 

in each case. We will call such a field the orbital valency force field. 

^ Linnett, Quart. Rev., 1947 I, 73. 

* Heath and Linnett, Trans. Faraday Soc., 1948, 44, 5<>i. 

® Anderson, I,assetre and Yost, J. Chem. Physics, 1936, 4 » 703 - 

* Pauling, J. Amer. Chem. Soc., 1931, 53, iV>7- 
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The P.E. function for these molecules may now be written : 

2V = 2B''^Ar„ + 

j 3 j 

- 2b'£ar,^2a'^ar%, ( I ) 

jk jk 

where i represents the central atom and j, k, etc., the outer atoms ; 
is the increase in bond length and is the increase in the distance 
between the non-bonded atoms j and k \ AjS is the angle defined above 
(up. Fig. i) ; B', ki, k'^, B and A are constants. The second and third 



Fig. 1. Fig. 2. 


terms are the orbital valenc}^ force field terms. The fourth and fifth are 
those which represent the repulsion between the non-bonded atoms ex¬ 
pressed in the form (see Part II) : 

F - - B . A/? 4w4 . ^R^ .(2) 

where B = - (dF/di?) and A = ^(dnVdi?*). 

The P.E. function for this van der Waals’ repulsion was assumed to be 
of the form : 

F — a where is a constant. 

This was assumed because it is the sort of repulsion law which might be 
expected to operate between the non-bonded atoms at short distances 
if they could be compared with the atoms of the inert gases,® and also 
because such a function has been justified from a study of the vibration 
frequencies of some Group IV tctrahalides (sec next paper). This fixes 
the ratio of A to B/R such that 

A : B/R = i(d 2 F/di?*) : - (dF/di?) 6-5 : i. 

The first term in (i) is included because a linear term B' ^ Ar^^ is required 

3 

to cancel the contribution of the linear terms in B ^Rik> so that when 

jk 

Ar, AjS and AR are all zero the energy is a minimum. From the sym¬ 
metrical (Ai) vibration (see Fig. 2) : 

3B'Ar = 3BAR = 3 V ^BAr, 

whence = V 3B. . • . . • (3) 

There are, therefore, three independent constants per molecule in terms 
of which four frequencies must be explained. However, both B/R^ (i?, 
is the equilibrium value of R) and A are left in the secular equations listed 
below so that they could be used when different assumptions were made 
about the repulsion between the non-bonded atoms. 

The way in which the constant B' enters into the secular equations 

® Lennard-Jones, Proc. Roy. Soc. A, 1924, 106, 463; Buckingham, J. Amer, 
Chem. Soc., 1938, 168, 264. 
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for the frequencies can be illustrated by working out the equation for 
the out-of-plane vibration. With reference to Fig. 3 it can be seen that 



Y is increased to [r Ay) by the displacements and perpendicular 
to the plane of the molecule. The relation between them is 

(y + Ay)*-* -= y2 j- (x^ -f 

from which Ay — + ^'2)*. 

if powers of the displacement co-ordinates, Aj and x^, higher than the 
second are ignored. Then, since Aj 3 — (x^ -f x^jr^, 

2F = -f 6 B'Ar 

=7 4- B'lr,){x, -f- x^Y = 31^^/? + 4* 

where = k'^/rY and powers of the displacement co-ordinates higher 
than the second have been ignored. The third term in the P.E. function 
(i) only contributes terms in these higher powers. Combining the ex¬ 
pression for the potential energy with that for the kinetic energy, 

27 ^ 3m^xY 4 - 

we get, for the vibration frequency, n^, 



where 

Similar terms involving B' (which is equivalent to BIR,) arise whenever 
there is an angular distortion of the molecule. 

The derivation of the quadratic equation for the degenerate vibrations 
illustrates an important consideration in the application of the orbital 
valency force field. The displacement co-ordinates we shall use are shown 
in Fig. 4. ft is convenient to express the P.E. function in terms of the 



change of the angle, Y^XY*, which we will call Aa. Then 
Yg . Aa = Xf — ~Xi -j- Vj. . 


( 5 ) 
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Now, when there is a distortion of the molecule, the bond-forming orbitals 
of X will rotate about X to give the greatest overlap with the bond-forming 
orbitals of the three other atoms (Yi, Yg and Y, in Fig. 4). This will 
happen at all stages of the vibration. Then the contribution of the angular 
part of the P.E. function (third term in (i)) is : 




r 

y| + 2^ 




( 6 ) 


where y is the angle through which the bond-forming orbitals of X are 
rotated about an axis through X perpendicular to the plane of the mole¬ 
cule for these values of the displacement co-ordinates. When the overlap 
is the best possible, the potential energy must be a minimum. That is 
dK/dy = o. 

Applying this to (6) gives 

r.Y = - Xi) - l(y, - U,). . . . (7) 

Substitution of (7) into (6) followed by the application of (5) gives 

The simple valency force field would give 

2F = 

where is the simple valency force field angle bending constant. 

The equations for the vibration frequencies are found to be : 

[a) Totally symmetric valency vibration in Class A \ : 

\ (k, + 6A)^. 

in 2 


(b) The two degenerate planar vibrations in Class E ': 



(c) The out-of-plane vibration in Class A 2" : 




where is the mass of the central atom and m2 the mass of each outer 
atom. 

The frequencies calculated using these equations are compared with 
the observed frequencies in Table I for the six molecules and ions under 
consideration. The three constants /q, kp and A were chosen separately 
for each molecule to give the best fit for the four frequencies. The values 
used are given in the table. 

The average % deviation over all the frequencies is under i %. If 
the results for the nitrate ion are excluded, the average deviation is under 
0*5 %. It is therefore clear that for the four molecules and the carbonate 
ion the orbital valency force field with the addition of terms for repulsion 
between the non-bonded atoms (this type of field will be referred to as 
O.V.F.F. from now cn) provides a completely satisfactory explanation 
of the observed frequencies. It is moreover a field which accords much 
better than the simple valency force field plus repulsion terms (S.V.F.F.) 
with the generally accepted views of directed valency. Even for the 
nitrate ion the field is only slightly unsatisfactory. The deviations may 
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arise because the basic assumption that the orbitals are cylindrically 
symmetrical about their axes is not justified in this case, or because laxge 
anharmonicity corrections need to be made to the observed frequencies 
to obtain the fundamentals. 

It would be possible to explain the in-plane and out-of-plane bending 
vibrations of planar XY3 molecules in terms of only one S.V.F.F. bending 
constant if it was supposed that, for the out-of-plane bending, the potential 
energy was a fourth power function of the displacements and depended 
on the small changes in the YXY angles during the out-of-plane motion. 


TABLE I. —Comparison of the Observed and Calculated Vibration 
Frequencies of some Planar XYj, Molecules. The Force Constants 
ARE given in Dynes per cm. x lo"® and the Frequencies in cm."^ ( n ^). 


Mol. 

*1- 1 

1 

A . 

1 bir ,. 

ni. 

na. 1 

1 

na. 

1 

n4. 

Av. % 
Deviation. 

BF3 

Observed 


888 

1446 

480 

691 

_ 


5-98 1 0*646 

\ 0*475 

1 o -°73 

888 

1443 

479 

691 

0*1 

BCI3 . 

Observed 


471 

95 « 

243 

462 

— 


3*10 1 0*305 1 

0*215 

1 “-OSS 

462 

974 

245 

455 

1*45 

BBrj . 

Observed 


279 

806 

151 

372 

— 


2*3851 0*188 1 

0*213 

1 0-0327 

279 

815 

151 

372 

0*25 

COa- 

Observed 


1063 

1415 

680 

879 

— 


5*4 1 1*055 1 

0-875 

1 0-133 

1063 

1407 

678 

879 

0-2 

NOa" . 

Observed 


IC50 

1390 

720 

831 

— 


5*4 1 1*10 ! 

0*925 

1 0-1425 

1078 

1338 

690 

847 

3*4 

SO, 

Observed 


1069 

1330 

532 

652 

— 

3 • 

9-2 1*46 

0-25 

j 0*0385 

1066 

1337 

535 

647 

0*55 


This has been pointed out as a possibility by Bell.** We showed earlier 
that, lor the in-plane vibrations is equivalent to 3^^, so that for BF, 
we may assume that is about 0-2 x 10^ dynes/cm. Using Bell’s formula 
this gives the frequency of the out-of-plane vibration as ca. 100 cm.-^. 
This is of quite the wrong order of magnitude since it is 691 cm.~^. So 
it seems that the in-plane and out-of-plane bending vibrations cannot be 
explained in terms of one S.V.F.F. constant. Moreover the isotope effect 
of substituting ^®B for ^'B is calculated to give a ratio of the frequencies 
for the out-of-plane vibrations of 1-02 if the P.E. is proportional to the 
fourth power of the displacement. If it is proportional to the second 
power, the ratio of the frequencies of the isotopic molecules is calculated 
to be 1-0405. This compares well with the observed ratio of 1*041. This 
evidence is strongly in favour of a quadratic P.E. function for the out-of- 
plane motion, and against a fourth power P.E. function. We therefore 
agree with Bell in the conclusion that for planar XY3 molecules the out- 
of-plane motion is of the simple harmonic type. 

The orbital valency force field therefore—(i) enables us to correlate 
the frequencies of six planar molecules to a mean accuracy of i %. In 
each case, choice of three constants leads to a satisfactory fit of four 
frequencies and physically reasonable repulsion fields ; (2) explains the 

out-of-plane vibration frequencies of these molecules in terms of the same 
constants as those used for the in-plane vibrations. If the S.V.F.F. is 

® Born and Oppenheimer, Ann, Physik, 1927, 84, 457. , 

’ Herzberg, Infra-red and Raman Spectra of Polyatomic Molecules (Van 
Nostrand Co. Inc., 1945), 178. 

* Bell, Proc. Roy. Soc. A, 1944, 183, 328. 

30 
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used it gives a very small value for the out-of-plane vibration frequency 
unless a special constant is introduced ; (3) gives a picture of angular 
distortions in molecules which is much more in accordance with m^ern 
views on directed valency then does the S.V.F.F. 

We wish to thank Imperial Chemical Industries for providing us with 
a calculating machine. 

Summary. 

The four frequencies per molecule of six planar XYj molecules and ions have 
been correlated with an average difference between calculated and observed 
frequencies of i % by a new force held, using three constants per molecule, which 
we have called the orbital valency force field. This field uses the same constant 
for both the angular distortion in the plane of the molecule and that out of the 
plane of the molecule, and is therefore preferable to the simple valency force 
field which is unable to explain the out-of-plane vibration frequencies without 
introducing a new constant for angular distortion. 

Inorganic Chemistry Laboratory, 

Oxford. 
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PART IV.—THE APPLICATION OF THE ORBITAL 
VALENCY FORCE FIELD TO TETRAHEDRAL 

HALIDES. 


By D. F. Hp:ath and J. W. Linnkit. 
Received 21st November, IQ47. 


In a previous paper ^ we have described the application to the tetra¬ 
chlorides and tetrabromides of carbon, silicon, germanium and tin of the 
simple valency force field with the addition of a repulsion field between 
the non-bonded atoms represented by V ~ a//?". In that paper, a w^as 
supposed to have the same value for all halides of the same kind (e.g. 
all bromides) and n was given the value 4*5 throughout. Tw'o valency 
constants were used per molecule, and k^, for bond-stretching and 
-bending respectively. With these assumptions the 32 frequencies of 
these eight XY4 molecules could be calculated wdth an average deviation 
from the observed values of only 0*6 % using 18 constants. This field, 
in spite of its success in correlating frequencies, is, however, unsatisfactory 
because it requires the introduction of F = djR^^ as the potential energy 
(P.E.) function for the interaction of the non-bonded atoms. There are 
two main objections to such a P.E. function. 

(i) Lennard-Jones * has shown that a satisfactory P.E. function for 
the interaction of inert gas atoms is 


V -r 


a h 


. (I) 


It seems reasonable to suppose that the interaction between halogen 
atoms which are bonded to other atoms but not to one another might be 
similar to this in form. Now, in the final frequency formulae there appear 

A = Jd*F/dR* and BjR ==-- - (i/R)dF/dR. 

Using the values of a and 6 obtained by Buckingham for argon atoms, 


^ Heath and Linnctt, Trans. Faraday Soc., 1048, 44, 561. 
* Lennard-Jones, Proc. Roy. Soc. A, 1924, 106, 4O3. 
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which resemble bonded chlorine atoms electronically, we have when 
R = 3*33 A. (cf. range of Cl—Cl distances in Table II) : 

A = 0*0470 X 10® and BfR = 0*0053 X 10® dynes/cm. 

Thus A is much bigger than B/R and will outweigh the latter in its effect 
on the frequencies. In .4 = 0 0470 x 10®, the contribution of the first 
repulsion term in (i) is 0*0613 x 10® and of the second attraction term 
is — 0*0143 X 10®. Therefore, to a first approximation, we may omit 
the attraction term and represent the van der Waals’ P.E. by F = a/R^^ 
only. On this basis the ratio of A to BfR must be to i. The result 
of this assumption is, therefore, that it seems that we can represent in 
a reasonable manner the van der Waals* interaction of the non-bonded 
halogen atom by one constant, since, when A has been fixed, the value of 
B/R must be 2/13 of it. It may be pointed out that in the example given 
abo'fe, where A = 0 0470 x 10®, 2/13 x 0 0470 x 10® — 0 0072 x 10® 

whereas the value of B/R according to the formula (i) is 0 0053 x 10®. 
This difference is very small as regards absolute magnitude and is a very 
small fraction of the other constants that have to be used in the vibration 
frequency formulae. One general conclusion is, therefore, that V — a/R^^ 
is a satisfactory and reasonable function to use. Moreover, it has been 
used successfully with XY, molecules.® The function V = a/R^^ is 
therefore quite unlike any that might be expected. 

(ii) The value of the first differential of F = a/R^^ derived from the 
actual constants used would produce a stretching of the C—Cl bond in 
carbon tetrachloride of about 0*4 a. over its value if no such repulsion 
existed as, for example, m methyl chloride. No determinations ® of C—Cl 
bond lengths in these two molecules are consistent with a stretching of 
more than o*i a. The large stretching which w^ould result if the V—a/RH 
function were correct could not possibly have remained undetected. 

It was therefore decided to attempt to calculate the observed fre¬ 
quencies using the simple valency force field (S.V.F.F.) and the orbital 
valency force field (O.V.F.F.) in turn, adding to each a P.E. function 
F = a/R^^ to represent the interaction of the non-bonded atoms, a being 
chosen independently for eaci. ... ule. 

The equations for the frequencies derived from both the fields are 
given bc'low. 

S.V.F.F. 


Class Ai. 


Class F. 




Lw, 3 miJL 3 3 «J L»«, 3 W,jL 3 3 

A.A,=r-L + ^ 

Lm,» w,w,J\L ‘ 3 3^JL 3 3 J 


lO Dn 

Jji. 

3W1L3' 3 ^- 1 ’ 

10 B~ 


2 L 3 3 4?dj' 


Class E. 




® Heath and Linnett, Trans. Faraday Soc., 1948, 44, 873. 

* Sutherland, Trans. Faraday Son., 1938, 34, 325 ; /. Chern. Physics, 1939, 
7, 1066. 
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Xi = 

Hi being the frequency in cm.-^ of the tth vibration ; 
nil — the mass of the central atom, 

= the mass of the halogen atom, 
ki = the bond-stretching constant of the X—Y bond, 

= the angle bending constant on the S.V.F.F., i.e. of the YXY angle, 
r^kat' == the angle bending constant on the O.V.F.F., 
r = the X—Y bond length ; 

— B and 2A are the first and second differentials, respectively, of the 
P.E. function representing the repulsion between the non-bonded atoms. 
That is, they are the constants in the expansion of V in terms of Ai? (the 
change in R from the value it has at the equilibrium configuration) : 

A7 = F - Fo = ~ B^R AAR^ 
this being derived from V — a/R”, by expanding to second powers. 

In Table I the calculated and observed frequencies are compared. 
In assessing the % differences, no difference of i cm.-^ has been considered 
significant. The reason for this is that the experimental error could 
certainly be i cm.-^ and it seemed preferable to avoid giving a dispro¬ 
portionate weight to errors on small frequencies which may just as likely 
arise from errors in experiment. 

The results bring out clearly the following facts. 

(i) The orbital valency force field is clearly superior to the S.V.F.F. 
The average deviation for the O.V.F.F. of 0-45 % is probably within the 
experimental error in determining the frequencies. The average deviation 
for the S.V.F.F., however, is over 3 % and outside the range of either 
experimental error or the corrections which should be made to the fre¬ 
quencies to allow for anharmonicity. 

(ii) The errors in Table I have been averaged separately over the 
pairs (Wi and n^) and (n^ and W4). The former are assex^iated with vibra¬ 
tions which are mainly valency vibrations, while the latter are associ¬ 
ated with deformation vibrations. It will be seen that the errors for the 
O.V.F.F. fall fairly evenly over all the frequencies. The differences of 
0*6 % is easily attributable to the fact that and are smaller than 

and Wj so that equal absolute errors correspond to greater % errors for 
the former pair. But the very large errors of the S.V.F.F. definitely seem 
to occur in W3 and W4. It would have been possible to reduce the dis¬ 
parity between the errors for the two pairs but only by considerably 
increasing the total error. It therefore seems to be a real effect that the 
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main errors of the S.V.F.F. occur in and n^. It can be shown, by deter¬ 
mining the normal co-ordinates, that and correspond to vibrations 
involving almost entirely changes in bond length, and that w, and 
correspond to vibrations involving almost entirely changes in the valency 
angles. It therefore appears that the S.V.F.F. is particularly bad at 

TABLE I. —Comparison of the Observed Frequencies of the Tetrahedral 
Halides with those Calculated using both Simple Valency and 
Orbital Force Fields. 


Mol. and 
Field. 

Constants. | 


Vibr. b'rcq. 


Percentage Error. 

. 1 

A 

oc ^ cx 

BjR 

1 

tin 

ti ? 

IH 

tij and 

and 


y io“® dynes pcT cm. j 


rtn 

L.-C 

\ 



CCl. 


Observed 


4.50 

780 

3^3 

217 


_ 

OVFF 

1*86 1 

0*2992 1 0*31 

1 0*0477 

4.50 

780 

3 T 3 

217 

0 

0 

SVFF 

1*90 1 

0*1050 1 0*325 

1 0*0500 

467 

767 

309 

222 

1*7 

1*8 

SiCl4 


Observed 


4-5 

607 

221 

15 ^ 

— 

— 

OVFF 

2-581 

0*1700 1 0*15 

1 0*0231 

428 

bo 7 

219 

L 54 

0*35 

1*44 

SVFF 

2-50 1 

1 q*035 1 0*19 

1 0*0292 

442 

503 

214 

158 

3*15 

3*0 

G(‘Cl4 


Observed 


307 

45T 

171 

132 

— 

_ 

OVFF 

2*44 


1 0*0154 

397 

4.54 

170 

132 

0*3 

0 

SVFF 

2-30 

1 0*037 1 ^*^3 

1 0*0200 

403 

443 

164 

^38 

i*b4 

4*32 

SnC'h 


Observed 


366 

404 

1.54 

104 

— 


OVFF 

2-30 

j 0*110 j o*o6 

1 0*0092 

^->7 

403 

130 

108 

0 

3*35 

SVFF 

2*25 

I 0*038 1 0*07 

1 0*0108 

369 

390 

125 

113 

1*13 

7*31 

(:Br4 


Ob.served 


265 

667 

J83 

123 

— 

— 

OVFF 

1*49 

1 0*225 1 0*230 

1 0*0354 

266 

6bb 

182 

124 

0 

0 

SVFF 

i* 5 « 

1 0*090 1 0*230 

1 0*0354 

270 

bb8 

178 

127 

0*94 

3*0 

SiBr4 


Observed 


249 

487 

^37 

90 

— 


OVFF 

2-03 1 

1 0*150 1 0*110 

1 o*oi(>9 

249 

487 

13b 

90 

0 

0 

SVFF 

2-075 

1 o*obo 1 0*110 

1 0*01O9 

250 

488 

130 

94 

0 

4-9 

GeBr4 


Ob.served 


234 

328 

ITT 

78 

— 


OVFF 

1*05 1 

0*115 1 0*080 

1 0*0123 

^34 

33 T 

110 

78 

0*5 

0 

SVFF 

1*90 1 

0*044 1 0*085 

1 0*0131 

234 i 

32b 

106 

82 

0*3 

. 5*0 

SnBr4 


Observed 


220 

279 

88 

b 4 

— 

— 

OVFF 

i *«5 1 

0*080 1 0*053 

j 0*0083 

220 

279 

8b 

64 

0 

1*2 

SVFF 

1*89 1 

0*040 1 0*050 

1 0*0077 

221 

282 

84 

70 

0*5 

7*5 



Average for all the molerules : 


OVFF 

0*15 

0*75 







SVFF 

i*lb 

5*14 


Average over all the frequencies : OVFF 0*45 

SVFF 3*13 


correlating the frequencies of those vibrational modes involving angle 
changes ; that is, it fails precisely where it is expected to fail if it is based 
upon an incorrect P.E. function for angle changes. 

(iii) It is possible to estimate from the value of BjR for a molecule 
XY4 the stretching of the XY bond that is caused by repulsion between 
the non-bonded Y atoms.This is done by equating the force between 
the non-bonded atoms to the force produced by stretching the bond against 
the bond force constant, k^. It is found that, in CCI4, the bond force 

* Badger, J. Chem. Physics, 1934, 2, 128. 
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constant, k^, is low, being i*86 x lo® dynes per cm. The bond force 
constant of the CCl bond'* in methyl chloride is 3-37 x 10* dynes per cm., 
and in this molecule there is likely to be very little stretching due to re¬ 
pulsion between non-bonded atoms. By using a Morse function with 
reasonable constants it can be shown that d*F/d/?* (i.e. the force constant) 
might be expected to decrease from 3-37 to t-86 x 10® on stretching the 
bond 0*27 A. This calculation is necessarily very approximate. To 
calculate the stretching we shall assume that the stretching occurs against 
a force calculable from the average force constant, 

= 2-62 X io.( 3:37 + .. x-86 ^. 

Consideration of the form of the Morse function shows this to be reason¬ 
able. Then Ar, the stretching of the bond, will be given by 

3B cos ^ — k\ Ar, 

where ^ is the angle between the ClCl and CCl directions. Taking 
B/i?=o-o477 x 10® dynes per cm. (see Table I) it is found that Ar~o i $ a. 
Electron diffraction’ shows that the bond length in CCI4 is 1755 a.« The 
bond length in methyl chloride is less certain. Electron diffraction 
determinations give 177 a. However, spectroscopic measurements 
give us that, if the bond angles remain close to the tetrahedral values, 
the CCl bond length is i*66 a. Borge Bak has suggested that the electron 
diffraction and spectroscopic results could be made to agree if it is supposed 
that the interbond angles in methyl chloride are very different from the 
tetrahedral values.Our calculations show that the repulsion between 
the non-bonded atoms is very considerable and would be expected to lead 
to a considerable stretching in CCI4, namely 0*13 a. We are, therefore, 
inclined to favour Sutherland’s interpretation of the data which suggests 
that the CCl bond is 01 a. longer in CCI4 than in CH3CI (1755 — i-66), 
a difference which is in quite good agreement with the stretching our 
results have led us to expect. However, whatever the values of the bond 
lengths in these two molecules it is certain from our results that there 
exists in carbon tetrachloride a repulsion between the non-bonded atoms 
which will stretch the C('l bond considerably from the value it would have 
if no such repulsion existed. Very few considerations of the bond lengths 
in CCI4 to be found in the literature seem to take this into account and 
treat the CCl bond as if no such large distorting factor were present. 

(iv) It is reasonable to suppose that covalently combined chlorine 
atoms can be reasonably compared with argon atoms as regards the van 
der Waals’ forces between them. It is, therefore, interesting to compare 
the values of A (— jdR^) given in Table I (for O.V.F.F.) with the value 
of Jd^F/di?^ calculated from V ~ using the value of a found by 

Buckingham for argon (1620 x lo-^® ergs. from measurements made 
on that gas.^® The results of this comparison are given in Table II. The 
YY distances were calculated from the XY distances obtained by electron 
diffraction assuming the molecules to be tetrahedral. 

The values of ^caic. and ^ovff of the same order. This justifies 
the repulsion field that has been employed. It moreover supports the 
conclusions reached in section (iii). The ratio of the value of A obtained 
using the O.V.F.F. to that calculated increases as the molecules become 
more ionic, i.e. on passing from carbon to tin. This would be expected, 
for as the chlorine atoms tend to obtain greater electronic charges without 
their nuclear charge being affected, the electronic field will become more 
diffuse. Therefore, two chlorine atoms will be expected to exert a greater 

® Linnett, Quart. Rev., 1947, i, 73. 

’ Wierl, Ann. Physik, 1931, (5), 8, 521. 

® Brockway and Sutton, J. Amcr. Chem. Soc., 1935, 57, 473. 

® Borge Bak, J. Chem. Physics, 1946, 14, 342. 

^® Buckingham, Proc. Roy. Soc, A, 1938, 168, 264. 
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van der Waals’ repulsion on each other the more negatively charged they 
become. We would therefore expect the ratio given in the last column 
of Table II to increase on passing from carbon to tin. 

TABl.E II.— Comparison of the Values of A Calculated from Buck¬ 
ingham’s Figures for Argon with those given in Table I, using 
THE O.V.F.F. 


Molecule. 

YY Distance in a. 

■^calc. 

X lo-s. 

X lO"-^. 

Ratio. 

CCI4 . 

2-87 

o* 4 Q 4 

0*31 

0*63 

SiCl4 . 

3-27 

0*079 

0*15 

1*9 

GeCl4 

3-40 

0*046 

0*10 

2*2 

SnCl4 . 

3-70 

0*011 

0*06 

5-5 


(v) It is interesting to note the small values of the bond force constants. 
That for the CCl bond in CCI4 is only just over half that of the CCl bond 
in methyl chloride. This decrease seems to be too large to be explained 
by the dissymmetry of the P.E. function as expressed by the Morse equa¬ 
tion (see section (iii)). It is therefore likely that it is due to a real change 
in the CCl bonds in these two molecules. The values of the bond-stretching 
force constants were discussed in our previous paper.^ 

The following general conclusions may be drawn. 

(a) The general superiority of the orbital valency force field over 
the simple valency force field, suggested by a previous paper,^ is amply 
confirmed. The force field between the non-bonded atoms required by 
the O.V.F.F. if the frequencies an^ to be calculated satisfactorily produces 
a stretching of the bonds which is quite possible. But the force field 
required by the S.V.F.F. if satisfactory results are to be obtained would 
produce a very large stretching which would have, and has not, been 
observed. 

(b) The force field between the non-bonded atoms in these molecules 
is similar to that existing between atoms of the inert gases. 

We wish to thank Imperial Chemical Industries for providing us with 
a calculating machine. 

Summary. 

The orbital valency force field and the simple valency force field, each with 
the addition of a repulsion field represented by F = ajR^^ between the non- 
bonded atoms, were applied to the tetrachlorides and totrabromides of carbon, 
silicon, germanium and tin. It was found that the orbital valency force field 
reproduced the observed vibrational frequencies very satisfactorily while the 
S.V.F.F. was definitely unsatislactory. 

The repulsion fiekl used would be expected to give rise to a difference of about 
0*13 A. between the C—Cl bond lengths in ('('14 and CH3CI which compares 
satisfactorily with the o*i a. suggested by Sutherland. The repulsion is similar 
in type to that existing between the atoms of inert gases at small interniiclear 
distances. 


Inorganic Chemistry Laboratory, 
Oxford. 
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PART V.—THE APPLICATION OF THE ORBITAL 
VALENCY FORCE FIELD TO SOME 
TETRAHEDRAL ANIONS. 

Bv D. F. Heath and J. W. Linnett. 

Received 21st November, 1947. 

In this paper the equations for calculating the vibration frequencies 
of tetrahedral molecules given in Part IV ^ are applied to the anions 
CIO4-, 804“, Se04" and P04~. We have examined both the simple 
valency force field (S.V.F.F.) and the orbital valency force field (O.V.F.F'., 
see Part III),® combining each with a repulsion field between the oxygen 
atoms which is represented by F = (see Part IV).® The observed 

frequencies are compared with the frequencies calculated by both fields 
in Table I. The figures in this table are those calculated so that the 
average error over all the frequencies for each molecule is a minimum. 

It will be seen that, as before, the O.V.F.F. is considerably superior 
to the S.V.F.F., with an average error of only i*6 % against an average 
error for the S.V'.F.F. cf 4*2 %. It will be noted that, in every case, almost 
the whole error has been placed on Wj and and that, for the S.V.F.F., 
almost the whole has been placed on It was found that, by doing 
this, the average % error was reduced to a minimum for each molecule, 
and that any attempt to even out the errors over all the frequencies in¬ 
creased the average error considerably. In addition, we also calculated 
the frequencies for which the sum of the jsquares of the errors was a mini¬ 
mum, this being another criteribn of the “ best fit." When this criterion 
was used it was found that the average error over all the sixteen frequencies, 
using S.V.F.F., was 5-8 %, the error on and w, being 3-3 % and that on 
Ws and being 8-3 %. Therefore, using this criterion of " l^est fit " 
also the greatest errors fall on n3 and n^, the frequencies of the bending 
vibrations. With the O.V.F.F. also it was found that, whichever criterion 
was used, the greatest error fell on the frequencies of the bending vibrations. 
The average error for these bending vibration frequencies are 3 2 % using 
O.V.F.F. and 8*4 % using S.V.F.F. The O.V.F.F. is certainly much 
better than the S.V.F.F. but is not wholly satisfactory and apparently 
does not provide a complete explanation of the forces acting during the 
distortion of these ions. 

The bonded oxygen atoms in these ions are electronically similar to 
neon atoms. Since the forces between the oxygen atoms are here supposed 
to be of the van der Waals’ types, it is interesting to compare the value 
of A (— id®F/di 2 ® for the repulsion potential energy) in Table I with the 
known values of this quantity for neon. The figures for neon have been 
obtained by Buckingham from observed P-V-T relationships for neon; 
a in the equation, V = a/i?^*, was taken as 35-5 x ergs A which 

is the value given by Buckingham.® The attraction term in the van 
der Waals’ P.E. expression {b/R^) may be omitted because we are concerned 
with relatively small interatomic distances at which the repulsion term 

1 Heath and Linnett, Trans. Faraday Soc., 1948, 44, 878. 

* Heath and Linnett, ibid., 1948, 44, 873. 

® Lennard-Jones, Proc. Roy. Soc. A, 1924, 106, 463. 

* Kohlrausch, Smekal-Raman Effekt (Julius Springer, 1938). 

® Buckingham, Proc. Roy. Soc. A, 1938, i68, 264. 
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far outweighs the attraction term. The comparison for each ion of ^ovfp 
( from Table I) with ^d®F/di?* calculated for neon atoms at the same 
interatomic distance (which we will call ^osic.) is shown in Table II. 
In the last column the ratio of ^oTPr/^caic. is given. It will be seen that, 
in all cases, ^ovpp is greater than ^cajc.. This would be anticipated fcr, 


TABLE I. —Comparison of the Observed Vibration pREguENCiES of Four Oxyanions 
WITH THOSE CALCULATED USING THE O.V.F.F. AND THE S.V.F.F.* 


M( 5 l. 

ami 

Field, 

h 


A 

lijR 

»»i 


ni 

W4 

Average % Errors. 

y 10"^ dynes per cm. 

1 C 1 U.~I. 

fti and 

nj. 

and 

» 4 . 

nj. 

AJI 

Freq. 

(lo,- 


Observed 


935 

1102 

628 

462 

1 




OVFF 

6*30 

1*62 

1 0-24 

1 0-037 

935 

1104 

O06 

47 (, 

o-i 

3*3 

3-6 

1*7 

SVFF 

6*52 

0*52 

1 0-213' 

1 0-033 

935 

IIOI 

513 

4<>3 

0-05 

9*3 

18-33 

4*7 

sor 


Observed 


981 

1104 

^>13 

451 





OVFF 

(>•05 

1*20 

0-38 1 

0-059 

981 

1104 

597 

4 f >3 

0 

2-6 

2*6 

1*3 

SVFF 

6*27 

0*39 

0*35 1 

1 0-054 

981 

1105 

5 - 2 ^ 

452 

0-05 

7-6 

15*0 

3*8 

SfOr 


Observed 


^34 

S75 

416 

339 





OVFF 

5*40 1 

0-84 1 

0-1351 

0-021 

^34 

«75 

406 

34b 

0 


2-4 

i-i 

SVFF 

5*40 1 

0*20 1 

1 0-T3 1 

0-023 

«37 

'575 

347 

342 

0-2 

8-7 

i6-6 

4*5 

P(.)^ 


Observe<l 


980 

1082 

515 

363 





OVFF 

5-97 1 

0*55 1 

o- 3»5 

0-059 

980 

1085 

493 

382 

0-15 

4-8 

4*3 

2*5 

SVFF 

0*io 1 

0*1451 

i 0-37 

0-037 

980 

1087 1 

433 

363 

0-25 

8-0 

15*9 

4*1 




Orbital valency force field 



o*o6 

3*2 

3*2 

1-6 




Simple 

valency force field 



0-14 

8-4 

i6-5 

4*3 


as the charge on the oxygen nucleus is less than that on the neon nucleus, 
the electron cloud round the bended oxygen atom will be more diffuse 
than that round the neon atom. As the electron clouds round the oxygen 
atoms extend further, they will impinge on one another at greater inter- 
nuclear distances and so the van der Waals’ repulsion between bonded 
oxygen atoms will be greater than that between neon atoms at the same 


TABLE IL— Comparison of . 4 c*ic. Neon with ^ovfp foR Bonded 
CJ xYGEN Atoms. A for the Repuj.sion Potential Energy. 


Ion. 

0 —0 Distance 

111 A. 

'^calc. 

X 10-* dynes per 
cm. 

1 

A pj, for Bonded 
Oxygen 

X 10-^ dynes per 
cm. 

^OVFF 

'^calc. 

CIO,- . 

2-42 

0-117 

0-24 

2-1 

so,- . . . 

2*465 j 

0-091 

0-38 

4 *-^ 

SeO,- . 

2-(>3 

0-037 

0*135 

3 *b 

PO4- . 

2*53 

0-063 

0*385 

6-1 


interatomic distance. And, if the repulsion P.E. expression is of the 
same form in the two cases, the second differential is likewise expected 
to be bigger also. In addition the increase in ^^ovppMcaic. on increasing 
the total charge on the ion is interesting. It would be expected that, as 
the negative charge on the ion increased, the electron cloud round the 
oxygen atoms would increase in density and size. This will mean*that 
the van der Waals’ repulsion between the bonded oxygen atoms should 
increase as the charge on the ion increases. The figures in the last column 

30 * 
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of Table II show that a change in this sense does occur. The observations 
here are closely parallel to those described in Part IV where it was found 
that the repulsion between the chlorine atoms in the XCI4 molecules 
increased as the XCl linkage became more ionic, i.e. the chlorine atom 
more negative.^ 

It is therefore concluded that (i) the O.V.F.F. is much superior to the 
S.V.F.F. in accounting for the vibration frequencies of these ions, (ii) the 
O.V.F.F. is not completely satisfactory for these ions, (iii) the values of 
A differ from the values calculated using the constants for neon in a way 
which follows closely the charge on the anion. 

We wish to thank Imperial Chemical Industries for providing us with 
a calculating machine. 


Summary. 

The equations of Part IV were applied to the frequencies of four tetrahedral 
anions, X04«-- It was found that the orbital valency force field was very much 
more satisfactory than the simple valenc}" force field, repulsions between the 
non-bonded oxygen atoms being included in both cases. The orbital valency 
force field is not fully satisfactory. The O.V.F.F. gives a mean error of 3*1 % 
for the frequencies of vibrations involving primarily angular distortions. 

Inorganic Chemistry Laboratory, 

Oxford. 


INHIBITION AND RETARDATION IN 
POLYMERISATION REACTIONS. 

By H. W. Melville and W. F. Watson. 

Received 8M December, 1947. 

In conformity with the fact that polymerisation of ethylene derivatives 
proceeds by a chain mechanism, such reactions are subject to retardation 
or, in extreme cases, complete suppression by the addition of relatively 
small amounts of a great variety of substances. A survey of what 
literature exists on the subject shows a great diversity of effects and it 
would therefore now seem necessary to attempt some sort of codification 
with the important proviso that any classification into well-defined types 
is purely artificial, since it is inevitable that borderline cases will soon be 
discovered. However, it is important to specify extreme types in order 
that a more systematic approach may be made from the kinetic side. 

The number of measurable quantities available for an analysis is 
fortunately considerable and the use of each one of them is, in principle, 
sufficient completely to specify the nature of the processes involved and 
also, in suitable cases, to specify quantitatively the magnitude of the 
corresponding velocity coefficients. These measurable quantities are : 

(a) the correlation between rate of polymerisation and concentration 
of added substances ; 

(^) the effect of the concentration of the added substance on the 
molecular weight of the polymer ; 

(c) the time required for the growth of the polymer ; 

(d) the effect of the rate of initiation of chain growth on kinetic chain 
length in presence of a large amount of retarder ; 

(e) the rate of disappearance of the added substance. 

In this connection it is convenient for the present to term inhibitors 
those substances that completely suppress polymer formation and re¬ 
tarders those substances that merely cut down the rate of polymerisation. 
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The range of phenomena really extends all the way from complete 
inhibition to copolymerisation—it is within this region that the present 
interest lies. 

1. The simplest phenomenon is complete suppression.' Here there 
is no question that, if it is assumed that these reactions involve free 
radicals, the inhibitor reacts (a) with radicals produced from the monomer 
by radiation, (b) with radicals produced by sufficiently violent collisions 
between monomers, as in the thermal polymerisation of styrene, or (^:) with 
radicals produced independently by thermal or photo-decomposition of 
suitable molecules. When the inhibitor is thus chemically removed, 
reaction should then at once proceed at normal speed, but this ideal be¬ 
haviour is not always observed unless the velocity coefficient for the 
interaction of the inhibitor with the initiating radical is much greater than 
that of the monomer with the same radical. Such an ideal state of 
affairs is observed with the photopolymerisation of vinyl acetate and its 
polymerisation in presence of benzoquinone. If this criterion is not 
satisfied, there will be a period succeeding suppression of the polymer 
formation in which the rate will increase gradually as the inhibitor is 
removed. 

2. This transitional type leads smoothly into a simple kind of retarda¬ 
tion. In tliis case there is fair competition by the polymer free radical 
for the monomer or the retarder. When the retarder molecule adds to 
the radical, growth stops altogether. The detection of this kind of process 
is also comparatively easy for, besides the rate of polymerisation being 
cut down, there should be an exactly corresponding drop in molecular 
weight, provided transfer is absent. Similarly, the life-time of the re¬ 
action chain should exhibit a corresponding decrease if the growth 
coefficient does not alter much with radical size. Another measurable 
effect follows. In normal reactions the radicals interact and stop growth ; 
this has the effect that rate of polymerisation is proportional to the square 
root of the rate of starting—no matter how this is effected. If the 
retarder ends the growth by addition, this square-root dependence is re¬ 
placed by a first-order dej)endence since only one radical is concerned 
in the process. There are many examples of this type, e.g. the photo¬ 
polymerisation of methyl acrylate in the vapour phase with oxygen and 
butadiene ; vinyl acetate with benzoyl peroxide acting as retarder, etc. 
It is difficult to specify exactly the chemistry of this process, since if a 
free mon()-radical reacts, say, with an unsaturated molecule or, in fact, 
any kind of molecule except a free mono-radical it is inevitable that some 
kind of free radical is produced. If the above criteria are satisfied, this 
can only mean that the radical so produced is itself so unreactive that it 
cannot continue polymerisation or even interact with polymer radicals. 
It must then eventually disappear by interaction with another of its kind. 

3. Retardation may also occur by quite a different mechanism. This 
happens when the retarder specifically interferes with the initiation process 
but not to such an extent as to prevent polymerisation. The important 
distinction here is that once the chain has started growing the added 
substance has absolutely nb effect on it. Such a mechanism of retardation 
gives rise to quite distinctive criteria from those mentioned above. If 
termination of growth occurs by mutual remo\'al of free radicals, then 
this type of retardation will be characterised as follows : 

(a) the square-r(x>t dependence still holds accurately ; 

(h) the kinetic chain length increases (also the molecular weight, if 
there is no transfer). 

This is the kind of behaviour that might occur if, for example, a re¬ 
tarder directly attacks the substance, e.g. a peroxide responsible for the 
provision of radicals for initiating polymerisation. The above criteria 

' Foord, J. Chem. Soc., 1940. 4 ^. 
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are therefore useful in looking for the possibility of the intervention Of 
this mechanism. The only example so far recorded is the retarding effect 
of inert gases, He, A, H*, on the photopolymerisation of vinyl acetate 
vapour when it appears that the photo-excited vinyl acetate molecules are 
simply deactivated by inert gases before they have time to grow further.* 

4. There is another extension to type 2. There it has been assumed 
that the free radical finally produced by the interaction of the retarder 
molecule with the polymer radical takes no further part in the reaction. 
It is, however, possible in this chemistry of free radicals that such a radical 
might interact with a polymer radical but not with the monomer. This 
would therefore introduce an additional well-defined way in which radicals 
are used up. 

This case has not previously been considered but is analysed below. 
The principal featTires of this mechanism are : 

(a) the square-root dependence on starting still obtains ; 

(h) the chain length is reduced ; 

[c) there will be one molecule of retarder per two polymer molecules 
if there is disproportionation and a one-to-one ratio if combination 
occurs. 

Examples of this kind of behaviour are given in the following experimental 
results. 

5. The next gradual change from type 4 may arise in that the rad¬ 
ical derived from the retarder is just sufficiently reactive to attack with 
difficulty the monomer. This means, of course, that the retarder really 
copolymerivses with the vinyl derivative even though it cannot polymerise 
on its own. The criterion here is that although retardation is observed, 
more than one retarder molecule will be found in each polymer molecule. 

The results, described in the pages on the polymerisation of methyl 
methacrylate and of styrene, throw some further light on the nature of 
retardation and inhibition and thereby illustrate some of the matters 
qualitatively outlined above. 

. Experimental. 

For all kinetic work, the systems w'erc contained in dilatometer reaction 
vessels of about 5 ml. capacity, under at most io“* mm. of non-condensable 
gas. These tubes had previously been thoroughly cleaned, and were flamed 
iyi vacuo just before use. Rather than adopt the usual method of having a large 
supply reservoir of monomer sealed to the vacuum line at some distance from the 
receiver, a graduated reservoir containing purified monomer was attached to 
a removable portion of the vacuum apparatus whicli was also sealed to the re¬ 
action vessel. In this way, the usual vacuum greases withstand the monomer 
vapour for the short time of evacuation and distillation into the receiver, and 
no mercury cut-ofis were necessary. By calibration, the decrease in volume 
was found to be proportional to the extent of polymerisation and the extent of 
reaction could thus be followed accurately to less than o*i % by observing the 
decrease in meniscus level by a cathetometer reading to i o*oi mm. 

Inhibition of the Thermal Polymerisation of 
Styrene by Quinones. 

With .styrene w'ashed free from stabiliser and fractionally distilled twice 
in vacuo, a reproducible and strictly linear rate of polymerisation to within 
15 % was noted between ()o°-()o“ c. 

In all cases where benzoquinone was added to the system, curves of the same 
form as those of Goldfinger * were obtained, including the lengthening of the 
transition period, betw'een complete inhibition and the attainment of the thermal 
rate, with larger initial quinone concentrations. In order to demonstrate these 
complexities more clearly, considerably longer induction periods were produced 
than those obtained by the original authors. The dilatometer technique allows 

♦ See e.g. Tuckett and Melville, J, Chem. Soc. (in press). 

* Goldfinger, Skeist and Mark, /. Physic. Chem., 1943, 47, 578. 
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of a point-to-point following of the polymerisation curve, whereas by the pre¬ 
cipitation method, a considerable extrapolation to zero extent of the reaction 
was required with the introduction of a large experimental error. In agreement 
with Goldfinger, the approximate relationship— 

length of inhibition period /-w initial inhibitor concentration, (a) 

is found. 

Fig. I shows three typical experiments on the inhibition of polymerisation 



Fig. 1.—Effect of benzoquinonc in mol./mol. monomer x 10* on the thermal 
polymerisation of stjTene (80^ c,). 

by different concentrations of quinone. As shown in the greatly magnified 
vertical scale in the insert, these curves arc not as>Tnptotic to the time axis 
but are definitely discontinuous within the considerable accuracy of the method 
of measurement. As can be seen from Tabic 1 , the above relationship [a] is 

TABLE I.- -Effect of Ovinone on Thermal Poly¬ 
merisation 01 Si YRENK AT 80'’ C. 


Length of Inhil)ition 
Perud, / thr.). 

Cone, of Inhibitor, c \ 
1 (luol./inol. monomer 
\ 10*). 

Ijc '< 10-^. 

I 

8 

T-05 

4*12 

14-3 


3*7 

18*5 

5*49 

3*4 


only approximately observed, thus there is a definite trend of relative .shortening 
of the inhibition period with higher quinone concentrations. 

The curves can be divided into three regions : (i) a period of complete inhi¬ 
bition, which is followed discontinuously by (2), a retardation stage, accelerating 
to (3), the normal thermal polynierisation curve. As these three regions are 
later treated as separate parts, it is necessary’ here to reinterpret the molecular- 
weight data of Goldfinger, who found that the molecular weight of the total 
polymer, precipitated after a considerable extent of thermal pol>'mcrisation 
had been allowed to proceed, decreased with increasing initial conceniration 
of inhibitor. That this phenomenon is caused by increasing quantities of low 
molecular-weight material wdth larger quinone concentrations formed during 
the transition period (2), can be shown by correcting for the material formed in 
the thermal region. This is done to a first approximation—assuming Staudinger’s 
viscosity rule—by the expression, 

Cflit — Cfffi 

^9 — - , 

where rfp, rft, rff, are the intrinsic viscosities of the “ thermal " polymer, “ total ** 
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polymer, and “ retarded " polymer of concentrations respectively, as 

shown in Table II. Since the corrected molecular weights of polymer formed 

TABLE II. 




Vf 

Vp' 

Cone, of low me 

0*6 

1*7 

2-6 

)l.-wt. polymer - 
0*3 

1*4 

-2*3 

-- 0-3 %. 

78 

137 

154 

156 

166 

174 

Cone, of low mol.-wt. polymer === 

0*95 1 0*4.5 1 

2*5 1 2*0 1 

0-5 %• 

i 75 1 159 

1 ^4.5 1 180 

Cone, of low mol.-wt. polymer - 
1*05 1 i*i 1 

1 1 

■ o'Ss %. 

93 

1 ibT 


inCthe thermal portions of all polymerisations are practically constant, it has 
been accepted that in region (3) of the process, the conditions are identical with 
those of the uninhibited polymerisation. 

The effects of substituted quinones are of interest, for if Eoord's mechanism 
is correct,^ it is to be expected that the lengths of inhibition periods would be 
equal for equimolecular concentrations of the different quinones. Further, 
Foord obtained an anomalous result with chloranil, which proved twice as 
effective in inhibiting power as the parent compound. 

Tetra-bromo- and tetra-iodo-quinone were prepared by the metliod of Jackson 
and Bolton.® Table III summarises the results using iodoanil. The same general 


TABLE III.— Iodoanil as Inhibitor (80" c.). 


Cone, of Inhibitor 
(mol./mol. Styrene 

X U)*). 

Length of Induction 
Period (hi.). 

//(' V IO~<. 

0-432 

1 ^*75 

(>-30 

O-Oiq 

j 3*75 

6-05 

0-925 

1 

4 * 7.5 

3*12 


characteristics are obtained as for benzoquinone, but there is a wide discrepancy 
in their equimolecular inhibiting power, iodoanil being 50 % more effective per 
molecule than benzoquinone from these figures. Similarly', with bromanil a 
typical .series is shown in Fig. 2 and Table IV, the inhibiting power being ap« 
proximately three times that of the un.'jubstituted quin one. 


TABLE IV.— Effect of Bromanil (80° c.). 


Cone, of Inhibitor 
(mol./mol. Styrene 

X IO«). 

Length of Induction 
Period (hr.). ' 

I/c X 10-*. 

0-425 

5*0 

11-9 

0-447 

. 5*5 

12*3 

0-685 

8-0 

11-6 

1-750 

15*0 

8*.5 


The above experimental evidence confirms the occurrence of an inhibition 
and retardation period, but indicates that the simple theory of Foord requires 
modification, and that this correction may explain the anomalous quantitative 

* Jackson and Bolton, J. Amer. Chem. Soc,, 1914, 36, 304. 
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results on number-average molecular weight. In all cases, there occurs a relative 
shortening of the inhibition period with increasing initial inhibitor concentration, 
not expected according to the approximate relationship (a). This is in harmony 
with the general statement of Church,* who unfortunately does not give any 
quantitative data. 



I'lG. 2.—Inliibition of styrene pol>Tncrisation by bromanil at 80® c. 

In view of considerable quantities of hydroquinone isolated on heating benzo- 
quinone-styrene mixture in vacuo at 120® c.,® it is necessary, in eliminating possible 
reaction steps, to study the influence of hydroquinone on thermally polymerising 
styrene. Conflicting statements have been made on this subject,* but no experi¬ 
mental details have been given. 

Hydroquinone is almost completely insoluble in benzene and styrene, and for 
this reason small quantities were weighed directly into reaction tubes. Table V 
gives the rate of polymerisation for two samples containing a wide variation in 

TABLE V. _Influence of Hydroquinone on Thermal Styrene Poly¬ 

merisation (Temp. 80° c.). 


Tube No. 

(!)• 

(2). 

( 3 ). 

Wt. hydroquinone (g.) 

Wt. styrene (g.) 

0 

3*9 

o*ooo8 

3-9 

0*0156 

4*0 

Time (min.). 

% Polymer. 

% Pol>mer. 

®'o Polymer. 

24 

63 

155 

175 

0*28 

0-76 

1-83 

2*06 

0-22 

0*68 

1-82 

2*o8 

0*20 

0*68 

1*63 

2*00 


hydroquinone concentration, and for a control. It is seen at once that in con¬ 
centrations much above that which could be produced in inhibition experiments, 
hydroquinone has no detectable influence on overall rate. Tube No. 3 contained 
an amount well above the saturation limit at 80® c., and on allowing polymer¬ 
isation to proceed for several days to a high conversion, the undissolvod^ hydro- 

* Church, Appl. Reports Progr. Chem. Ind., 1944. 

* Breitenbach and Horeischy, Ber. B, 1941,74. 1386 ; Breitenbach and Breiten- 
bach, 2. Physik., 1941, 190, 361; Breitenbach and Taglieber, Ber, B, 1943, 76, 272. 
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quinone did not visibly diminish. Hence it is concluded that hydroquinone 
does not alter the rate of polymerisation by interfering with the initiation 
process, nor does it appear to enter into propagation or termination. 


Production of Hydroquinone during the Inhibition of Styrene. 

This occurrence of hydroquinone during the period of inhibition has given 
rise to opposing views of different authors.®*® Thus, quantitative experiments, 
similar to those reported,® were performed. The solubility of hydroquinone in 
styrene at o° c., is very low, and it is justifiable to measure the amount pro¬ 
duced by weighing the precipitate formed on cooling the mixture. 

A flask, sealed in vacuo and containing o*86 g. benzoquinone in 51*2 g. styrene, 
was maintained at 120° c. After 6 hr., a considerable deposit of quinhydrone 
was detected, while after 24 hr. a white precipitate had formed and there was 
an increased viscosity and partial decolorisation. On diluting the mixture with 
toluene and filtering, the white deposit was shown by sublimation to be wholly 
hydroquinone. The amount produced was 0*122 g. These results confirm 
previous observations.® The yellow filtrate was vacuum-distilled to yield a 
colourless distillate and a bright-yellow, gummy residue. In a test experiment 
with the same intensity of a coloured solution of benzoquinone, an appreciable 
quantity of the volatile quinone distilled to give a markedly yellow condensate. 
It seems therefore that all the quinone had been consumed in the original ex¬ 
periment. If the reaction had followed Price's mechanism to give as final 
products hydroquinone and a long-chain mono-substituted quinone, the con¬ 
version of 50 % of the original quinone to hydroquinone by weight, would have 
been anticipated, a figure much in excess of that found. 

Two flasks were heated at 80® c., one evacuated and the other with air present, 
each containing 0*895 g- benzoquinone in 43 g. styrene. After 72 hr., a dark 
green deposit collected on the w'alls on cooling, the yields being 0*308 g. in the 
evacuated and 0*304 g. in the unevacuated flask. This compound was identified 
as quinhydrone, while quinone was still present in the filtrate which had no 
noticeable increase in viscosity. Hence we find at least 0*15 g. hydroquinone 
is formed in 72 hr. at 80® c. From the third result of Tabie I and using re¬ 
lationship (a), it is readily calculated that the amount of benzoquinone expected 
for the inhibition is 0*095 g- This is much below' the experimental yields ; 
any experimental errors would have reduced the difference. 

The facts provide definite evidence that (1) there is a shortening of inhibition 
period at higher concentrations and (ii) the reaction by which the hydroquinone 
is produced is of different origin from the initiation process. The efficiency 
of inhibition indicates that the rate-determining reaction is the production of 
chain nuclei, with the addition of quinone as a fast subsequent step. This 
mechanism is virtually independent of quinone concentration, w^hereas the 
hydroquinone production is markedly concentration-dependent. The view that 
the hydroquinone formation is a side reaction explains at once the deviations 
from relationship (a). 

As a crucial test, a third flask containing concentrations close to those of 
the above two experiments was sealed up with 0*633 g. benzoyl peroxide in 
order to alter radically the rate of initiation. After 72 hr. at 80® c., 0*14 g. 
of a white precipitate of hydroquinone was isolated, i.e. almost half the yield 
of quinhydrone compared with that previously obtained. The formation of 
hydroquinone instead of quinhydrone is caused by the greater consumption of 
benzoquinone in the cataly.sed poljmerisation. 

Kem and Feuerstein ’ tested for the presence of phenyl acct> lene, since 
they obtained only 0*05 g. hydroquinone, but the equivalent amount may have 
been undetectable. The filtrates of the above samples were fractionally dis¬ 
tilled under a high reflux ratio, but no arrest was noted at its boiling point of 
142° c. On testing the small 138^-142® c. fractions by the sensitive method 
of forming the mercury acetylide,® the results were negative. 

Isolation of the Inhibition Product. —Since it is reasoned * that a substance 
is formed during inhibition which later acts as a retarder, and from the evidence 
in Table V, that this is not hydroquinone, a search was made for such a de¬ 
rivative. This work was carried out before access was gained to the results and 

• Price, Advancing Fronts of Chemistry, 1945, p. 44. 

’ Kem and Feuerstein, J. prackt. Chem., 1941, 158, 186. 

® Johnston and McEwen, /, Amer. Chem. Soc., 1926, 48, 469. 
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analytical methods of Kern and Feuerstcin,’ and it independently and quali¬ 
tatively con^ms their conclusions, though it does not explain their much greater 
yields of this derivative and the smallness of their hydroquinone formation 
conmared with the present figures and those previously obtained.® 

Two 250 ml. flasks containing (i) 3‘26 g. benzoquinone and 200 ml. styrene, 
and (2) 3*64 g. benzoquinone and 50 ml. styrene, were sealed in vacuo and kept 
at 80* c. for 15 days. The reddish solutions became progressively decolorised 
for several days to a light yellow colour, which did not further diminish with 
time. On cooling, hydroquinone was filtered off and the styrene removed under 
vacuum. Deep-red resins which set to brittle red masses remained. Different 
separation methods were then employed. 

Flask I : on addition of methyl alcohol to a concentrated benzene solution 
of the red resin, a flocculent white precipitate came down and coalesced after 
a few days to a viscous lower layer. This property and its solubility in acetone 
indicates a very low molecular-weight polystyrene. On decanting, filtering, 
and allowing to evaporate slowly, a crystalline yellow solid, which had a melting 
point considerably above that of benzoquinone separated first. 

Flask 2 : the oil was dissolved in a small quantity of benzene, and on slow 
evaporation, a finely-divided solid again came out of solution first. This was 
recrystallised from methyl alcohol. Because of its solubility, this compound 
is clearly neither polystyrene nor benzoquinone. The melting point was in¬ 
definite but the substance remained unchanged at 220*^ c., 50“ beyond the melting 
point of benzoquinone. 

A C—H “0 analysis • gave : 

mg. Compound. mg. CO,. mg. HjO. mg. Residue. 

3*6i8 10*970 2*400 0*088 


corresponding to the empirical formula C,4Hi50. Using Kast's method, the 
following data w'ere obtained giving a molecular weight of 311 : m.pt. of camphor, 
178*0° c. ; molar depres.sion, u.sing adipic acid and ^-chloracetanilide, 35*0 X lo"* ; 
0*0043 g. substance in 0*0605 g. camphor has m.pt. of 170° c. The provisional 
formula is therefore 

This corresponds approximately to a compound of two st>’Tcne molecules 
with one quinone, for which the molecular weight is 310 and molecular formula 
is CgjHjoOg, whicli is in harmony with previous results.’ 

Polymerisation of Undistilled Styrene. —Several workers have observed 
that pure styrene, when exposed to the atmosphere at room temperature for 
an extended period, later pol^’^mcriscs xn vacuo more rapidly than a freshly- 
distilled sample, in experiments with bromanil using st>Tene which has not 
been freshly di.stilled, an inhibition period was noted but of much shorter 
duration than expected, and the final rate of polymerisation was much higher. 
This indicates that exposure to air provides an increase in rate of initiation, 
probably by the formation of an unstable monomer peroxide. The length of 
inhibition period agrees with these deductions when related to the final rates 
as follows. 


Let and r, rates of polymerisation of styrene when exposed to air and 
freshly distilled respectively, and t, and i, - the rates of initiation. Then, 

assuming mutual termination, ~ inhibition period w’as 

reduced approximately four times, r, — >'»(4)^ — 0*92 % per hour. The experi¬ 
mentally-observed final rate 0*90 % per hour. 


The Catalysed Polymerisation of Methyl Methacrylate. —Despite its ex¬ 
tensive industrial application, little fundamental information has been published 
on the catalysed polymerisation of methyl methacrylate, except for the paper of 
Norrish and Brookman.^® Their results can be re-interpreted so as to support the 
theory of mutual termination of growingchains. Table VI gives the values of cl /r, 
where c is the catalyst concentration calculated from their Tables II, III, IV, 
showing clearly a square-root dependence of rate on catalyst concentration. 

The results of the first column of Table VI agree closely w ith those of a series 
of experiments carried out at 80°, summarised in Table VII, where the rates 
of polymerisation in all cases wrere constant to the gel stage.’* 


• Weiler and Strauss, Micro-analytical Lab., Oxford. 

Norrish and Brookman, Proc. Roy, Soc. A, 1939, 171, 147. 

” Tromsdorff, Colloquium (1944), Freiberg B.LO.S. Report, No. 363, Item 22. 
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TABLE VI. 

From Norrish and Brookman's Table. 



ir 

III 

IV 

Catalyst. 

Benz. Perox. 

Ozonide 

Benz. Perox. 

(X lO*). 

(X 10-®). 

(X 10-*). 

1 

r 

9*3 

2-55 

1*05 

cilr 

9*97 

2*51 

1*05 

II*OI 

2*47 

i*o6 

L 

9-70 

2*54 

1*07 


TABLE VII.— Polymerisation of Methyl 
Methacrylate at 8o° c. 


Cone, of Benz. 

Peroxide 
(mol. % X io->). 

Rate 

(%/hr.). 

fil/f X 10*. 

2-58 

5*90 

8*9 

4-2 

7*50 

8-65 

7*0 

8*c>o 

9*42 

8-9 

11*41 

8*30 


Influence of Benzoquinone on the Catalysed Polymerisation of Methyl 
Methacrylate.—When small quantities of benzoquinone are added to methyl 
methacrylate polymerising by catalysis at 8o® c., its action is found to be funda¬ 
mentally different from that on thermally-polymerising styrene. No trace of 



Fig. 3. —Effect of benzoquinone mol. per mol. monomer X lo* on the peroxide 
catalysed polymerisation ofmethyl methacrylate at 80° c. 

an inhibition or induction period is noted, the extent of polymerisation being 
linear with time up to at least 15-20 %. The rate in the presence of quinone 
is diminished, the degree of retardation increasing with increasing quinone 
concentration. A typical series of curves is shown in Fig. 3 for tubes containing 
a constant concentration of catalyst with varying concentrations of quinone. 
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In view of the strong inhibitory effect of quinone on the thermal polyiner- 
isation of styrene, it is of interest to compare the effect of quinone on peroxide- 
catalysed polymerisation of styrene. As Fig. 4 shows, quinone merely retards 
this reaction in exactly the same way as happens for methyl methacrylate 
(G. M. Burnett, unpublished experiments). The meaning of this discriminatory 
action of quinone is discussed at the end of the paper in relation to the question 
of determining whether mono-radicals or di-radicals are involved in a particular 
polymerisation process. 



Fig. 4. —Quinone retardation of .styrene {1*2 X io“® moles benzoyl peroxide per 1 .). 

I. No quinone. 

11 . 9*70 X 10-* moles quinone per 1 . (55° c.). 

Mechanisms and Kinetics. 

Retardation. —The retardation system, as exemplified by the action 
of quinone on methyl methacrylate, is the simpler and is thus con¬ 
sidered first. The results derived arc then of value in the more complicated 
ca.se of inhibition and retardation consecutively occurring in the course of 
reaction. 

It is well established that phenyl and benzoate radicals from the 
peroxide catalyse ]H)lymerisation by forming reactive mono-radicals which 
remain attached to tlie chain formed by covalent links.hrom the known 
properties of quinones, the first step in retardation is probably the addition 
to the growing chain to produce a more stable radical. 

Price • has suggested that this comparatively inert free radical does 
not grow' further but reacts with a second quinone molecule in a tauto¬ 
meric quinhydrone form. This scheme w'as primarily dev'ised to explain 
hydroquinone production and is not confirmed by the present data. 

Such a process pictures retardation as a chain-terminating process. 
This leads to the familiar difficulty of a simultaneously-operating first- 
and second-order termination with respect to radical concentration, 
thereby producing in the expression for free-radical concentration a 
quadratic equation which can only be solved by series of expansions and 
thus is limited greatly in application.* This radical must, however, 
eventually disappear and it is therefore of importance to take this fact 
into consideration. The following mechanism is suggested. It is capable 
of test by rigid kinetic derivation of the rate function. The stability of 
the free-radical formed by (ii) is, owing to resonance, much greater than 
the aliphatic radical, but it is assumed here that it behaves like a normal 
free radical in a polymerising system and there is a finite possibility that 
either a monomer molecule may add on (c), or another radical interacts, 
for example, by disproportionation (d ): 



“Pfann, Williams and Mark, /. Polymer Sci., 1946, i, 14. 
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R' 




+ RH 


(d) 


It is important in the kinetics whether reaction (c) or {d) is dominant, 
for the above insoluble difficulty is removed by considering the eventual 
termination to be mutual. 

This then transforms retardation into a special case of copolymerisation 
with unusually low values for certain of the velocity coefficients. The 
following gives Scheme (i) i.e.. 


I. 

A 

->Pl 

Rate - Xa 

2. 

P, + A 

^Pr4. 


. 3 - 

P, + B 

Qr4 1 


4- 

Qr + A 

^Pr+, 

^Pba 

5. 

Qr + B 

—^ Qrfl 

^Pbb 

6. 

Pr + P. 

— >• A, A. 

Ka 

7- 

Pr + Q. 

-> A, + B. 

^tab 

8. 

Qr + Q. 

^ B, 4 B. 

^tbh 


where A — molecule of monomer, B = molecule of retarder, P,., Qr ^ free 
radicals of length f units with A and B ends respectively, A,, B^ — ter¬ 
minated chains with A and B ends respectively. 

The contention of Price that chloranil behaves as a chain-transfer 
agent is also included in Scheme (i), where then represents a chain 
Af or B, and a chain nucleus Q,. 

It is now necessary to deduce the relative magnitudes of the velocity 
coefficients, especially of propagation. Taking the criteria for a retarder 
that 

(a) the great stability of Qr arrests chain growth and 

(b) a marked reduction in rate is caused by very small concentrations 
of retarder, 

it is at once obtained from (a) that 

. 

The relative values of and are obtained from property (6). 
This is best illustrated by an example containing the orders of magnitude 
encountered in practice. For example, suppose the polymerisation of 
I g. mol. monomer is effectively retarded, i.e. retardation occurs in most 
chains, by 10molecules of retarder and that the number average chain 
length is 10*. Then one inhibitor molecule is used up per lo*^ molecules 
monomer when its concentration is 10-® times smaller. That is, in prac¬ 
tical cases, retarder and monomer are consumed in proportions compar¬ 
able with their concentrations. This deduction appears to be confirmed 
by the linear form of the retardation curves in Fig. 4, where relative 
conditions are maintained for a considerable extent of reaction. Expressed 
kinetically, 

h.JXPMB) k,J2Frm 
(B) ^ (A) ’ 

i-e. ^ .(2) 

This example is merely to show that neither term can be neglected 
with respect to the other. For strong retarders obeying criterion (a), 

Price and Read, /. Polymer Sci., 1946, I, 44. 
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may be much less than The various degrees of obedience to 

(a) provides a continuous change from retardation to copolymerisation. 
By analogy, it is probable that and kp^ for (Q,.) are comparable, 
although probability considerations makes the fifth step of Scheme (i) 
of very rare occurrence. 

Summarising these relationships. 


and and . . . (3) 

From copolymer theory, we have for mutual termination the general 
equation : 

- d(A) _( A)(„(A) + (Ti)}X.i _ 

dt ' {<r’‘8,’*(A) I 2^a,.8,S,(A)(B) + 


where a = — 
h 


^uh 


k ’ 


A’ ' 


h - 


KJ 


ht i 






^65 




‘ 6 a 




Since tluj concentration of (A) is in the initial stages almost that of 
the pure monomer (Aq) and, from criterion (/;), (A) ^ (B), (A) can be 
replaced by a constant (Aq) and a(A) ^ (B), as a is comparable with unity 
by (2). Hence for the initial stages of polymerisation, (4) is of the form : 


- d(A) h,Xah 

dt ' {A, + A3(B) + A4{B)2}i- 


Relating rates to the unretarded rate expressed as 


-d(A) 

CI/..0 

(5) becomes 

- ci(A) __ I_ 

d/ ' ■ {I 4 - A 4 (B) -+- h\(B)^}y 


(b) 

(7) 


Using the simplifying assumption of copolymer theory that 


(4) is reduced to the form 






- d(A) I 

d/ I f A:(B)' 


(«) 


The experimental results of rate plotted against benzoquinone con¬ 
centration for a constant catalyst concentration are shown in Fig. 5. 
Choice of A in an attempt to obtain a function of type (8) is shown by the 
broken line, where A — 0-233. Similarly, the continuous curve shows 
the best fit for function (7), being expressed by the equation : 

Rate — {i -h o- 24{B) -f o-ii(B) 2 }-i, . . . (9) 


where (B) is expressed in molecules x 10^ per molecule of styrene. 

The agreement of (9) with the experimental results is almost within 
the rather large experimental error, caused mainly by the volatility of 
quinone in vacuo. The deviation from the last experimental point is 
not unexpected, for the last term in the denominator increases verj^ rapidly 
with (B), and a slight error in the constant has a much greater effect in 
this region. 



sqs retardation in polymerisations 

Variation in catalyst concentration can be used as a better criterion 
of diifercntiation between the alternative mechanisms than the effect 
of retarder concentration. According to the proposal ® that quinones 
and other retarders act as chain terminators, when retardation is the 
dominant terminating mechanism and no further account need be taken 
of the molecule produced, the kinetic derivation gives a first-order de¬ 
pendence on the rate of initiation.This changes with reduction in 
retarder concentration to a square-root dependence when mutual ter¬ 
mination becomes the more important. However, by (5), a square-root 
dependence on catalyst concentration is anticipated at all degrees of re¬ 
tardation. 

To take fullest advantage of this difference, a constant quinone con¬ 
centration in styrene, with varying catalyst concentrations such that the 

overall rate is always below i/io 
of the corresponding uninhibited 
reaction was employed. The 
former mechanism should thus 
give an almost first-order de¬ 
pendence of rate on amount of 
catalyst whereas, according to 
the above mechanism, the rate 
should depend on the square root 
of the concentration. The data 
for a series of experiments are 
given in Table VIII, and support 
closely the copolymer scheme 
The function for the number- 
average chain length during the 
retarded polymerisation can be 
simply derived from the defi¬ 
nition, 

d(A f B) /d/ 

Aa 4- ' 

which reduces to : 
v„-vo{i + (10) 

in the case of constant initiation, 
where Vq is the degree of polymer¬ 
isation of the polymer produced 
in the uninhibited reaction. 

No accurate results for mole¬ 
cular weights have been obtained 
by absolute instruments, but the trend of decreasing molecular weight 
with increasing retarder concentration is .shown in Table IX. This is an 

TABLE VHI.— Effect of Variation in Catalyst Conc. on Quinone- 

RETARDED POLYMERISATION OF STYRENE AT 80'’ C. 

Concentration of quinone 13*5 X io“* mol./mol. monomer. 

Cone, of Catalyst 

(x 10* mo^,/mol. Rate (%/hr.), 

mono.). 


2*92 0*98 

1-46 0-65 

0*97 0*51 

Gee and Melville, Trans. Faraday Soc.^ 19441 40» 240. 
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important point since it might have been agreed that these retardation 
effects were due to a direct interaction between the peroxide of the radicals 
derived therefrom and the quinone. If this kind of reaction has been 
responsible, the molecular weight would have incveased with increasing 
quinone concentration since fewer chains would have been started. 


TABLE IX.— Molecular Weight of Polymer 
Produced during Retardation. 


Conr. of Catalyst 

Cone, of Quinone 


(mol./mol. monomer 

(mol./mol. monomer 


X io«). 1 

X 10*). 

0*95 ! 

0 

1'2 

0*9.5 

0*4 

0*70 

0-9.5 

I 

0-38 


The above results show that the scheme for retardation (i), considered 
as a special case of copolymerisation, agrees with the experimental values 
of change of overall rate affected by change of the two variables, catalyst 
and retarder, and is also supported qualitatively from molecular-weight 
determinatibn by viscosit}'. 


Thermal Polymerisation and its Inhibition.* 

Kinetics of Thermal Polymerisation. —Evidence has been accumu¬ 
lating 7. 16, 16 favour of a diradical initiation mechanism for thermal and 
photochemical polymerisation. The following kinetics for such a progress 


Initiation < 

"2M 


—>• p.i 

- d(M) 
di ~ 

k,{uy 

1 

^hv -f 

(or M) 

--*p. 

>> 

2AI 

Propagation j 

4 - 

M 

- 4 p, +1 

»* 


I 


2J-, 


LQr -i 

M 

—Vq, 4- I 


k,(Qr)m 

Transfer J 

fP, -1- 

M 

--Qr 4 Q. 


2 ft,(P,)(M) 

1 




1 

iQr H- 

M 

-- A, ^ Q, 

- 

^(Qr)(M) 


’P. + 

p 

0 -4 0 

- d(P.) 

4 ft.(Pr)(P.) 


^ $ 

- Vr 1 V« 

di 

Termination 

Pr M 

Q. 

Q, -f A, 


2 *.(P,)(Q.) 


Qr 4 

Q. 

- > Ar -f A, 

- cl(Q.) 
dt 

^ * 4 (Qr)(Q.) 


where P,. == a diradical of chain length y, 

= a monoradical of chain length r, 
A^ = a terminated chain of length r. 


give results identical with those of Dr. K. U. Smith,” but are somewhat 
simpler and more rigid in symbolism. No note has been made of our know¬ 
ledge of the significant results of Lewis and co-workers in another field, the 

* Our treatment was carried out in 1944-46 and is contained in a Ph.D. Thesis 
presented to the University of Aberdeen at the end of 1946. Bamford and Dewar 
have treated the kinetics of diradical reactions in a similar sort of way [Xature, 
^946, 158, 380, and Faraday Soc. Discussion, IQ47. 2 )- . 

Bamford and Dewar, Nature, 1946, 157, 845. 

Burnett and Melville (in press). 

Dr. R. R. Smith (private communication). 
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phosphorcvscence of dyes by radiation in the visible, where there is 
strong evidence of diradical formation by absorption of light quanta by 
ethylenic compounds.'* 

In the above, Scheme (ii), the velocity coefficient is defined as the 
rate of reaction of interaction of unit concentrations of mono-radicals. 
From simple probability considerations, the appropriate integral multiples 
are affixed. 


Let (C>)= 2 (Qr)- 

2 2 

When a steady-state is reached, 

d(P)/d/ = o -\-AI~ z(V){k,(M) -I- 2k,(V) -f k,(Q)} . (12) 

d(g)/d/=.o-4^,(P)(M)-f4^,(P)2-/e,(Q)^ . . . ( 13 ) 

Combining (12) and (13), and letting (T) -= 2(P) H (Q), i.e. (T) represents 
the total concentration of fre(‘ bonds in the system, 


From (12), 
whence 

and 


A;i(M )2 2AI =r ^4(T)2. . 
i^ 4 (T )2 ^ 2(P){k,(M) 4 - fu{T)), 

(P) = A4(T)V{4^3(M) -f /^4(T)}. 
2/^,(M)(T) + k,(T)^ 


(Q) 


2{/e3(M) + /.4(T)} 


(14) 

(15) 

(16) 

(17) 


From (17), it is obvious that 

(Q^) formed by transfer ^ ^3(M)(T)/{/f3(M) /f4(T)}, . (18) 

and 2 (Qr) formed by termination — k^(Ty/2 {/i:3(M) -f k^(T)}, , (19) 
The overall rate is given by 


- d(M)/d/ - A,(M) - 2AI + (M){/f3 I- /^3}(T), . . (20) 

which reduces to 

- d(M)/d/ = + 2AI . . (21) 

since /f* >>/q -f 2AI and k.^. 

For thermal polymerisation alone, (21) gives 

- d(M)/d/ - ^i*A4-*A2(M)^ . . . (22) 

This is an expression identical with that for .second-order initiation 
by monoradicals '■* if is substituted for the rate coefficient for the 
production of monoradicals, A*. Hence the rate of the diradical initiation 
process is equal to 2^ times that of the corresponding monoradical initiation 
reaction. This fact greatly simplifies the scheme when retardation and 
copolymerisation are also involved. The mechanism can be treated as 
if monoradical initiation occurred and the results are very simply converted. 

Number- and weight-average chain lengths are derived as follows : 

<X(£A,)ldt = A.(Q)(M) + 2ft4(P)(Q) + A4(Q)> 

= {Q){A,(M) + *4(T)}.(23) 


Instantaneous 


-d(M)/d < h,(T)^ + {k, + fe.)(M)(T) 

d{£Ar)/dt {Q){k,{T) + A.{M)} • 


'* Lewis and Kasha, J. Amer. Chem, Soc., 1944, 2100 ; 1945, 67, 994. 
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From (17) and (14), 

- 2k^l(2.k^ + -f 2^//(M)»]}* . . (24) 

For thermal polymerisation, (24) reduces to twice the chain length 
of the corresponding monoradical process as expected. From (24), the 
overall number-average chain length is constant with extent of reaction, 
and is always in value one-half of the overall weight average. 

Inhibition and Retardation of Diradical Polymerisation.—The mole¬ 
cular weight and composition of the styrene-inhibitor complex strongly 
suggests the following simple Scheme (III) for the inhibition period. 

Initiation : 2M -> V^, Rate = ATa . . (25) 

Inhibition ; P, -f B P,B = /jj(Pj)(B) . (26) 

From the great efficiency of inhibition, reaction (25) is the slow step, 
and is much greater than the propagation coefficient for the monomer. 

Hence d(B)/d/ == AT,, or Bo - X^(t - . . (27) 

Eqn. (27) expre.sses the approximate relationship of Goldfinger 2 that the 
inhibition period, {i — is proportional to initial inhibitor concentra¬ 

tion. However, as there occurs a side-reaction dependent on quinone 
concentration, the fraction consumed by it is larger for higher concentra¬ 
tions. This accounts for the experimentally observed relative shortening 
of the induction period. The nature of this side-reaction, by which 
hydroquinone is produced, is still unknown. 

In view of the discontinuity at the end of the inhibition period, it is 
now convenient to shift the time origin for each curve to the origin of 
retarded polymerisation. At this point, the concentration of retarder, 
(A'o), is given by 

(A'o) = (Bo) - (B.) . . . . (28) 

where (B,) ~ the amount of quinone used up in the side reaction. 

The system is now exactly analogous to that for monoradical initiation 
given by Scheme (i). As has already been discussed, making a simple 
substitution of for we can utilise the kinetics already developed. 
If the diradical scheme (ii) were separated to include the additional 
steps, it would become very cumbersome, involving seven different pro¬ 
pagation and eight termination possibilities. We may apply eqn. (7) 
directly to the retardation range as the thermal initiation is constant for 
the initial stages of conversion here involved. In the previous case, the 
linear nature of the retarded rate curves justifies the neglect of variation 
in inhibitor concentration during reaction. With the thermal case, 
however, the retarded rate curve rapidly changes slope to reach the thermal 
rate, when (X) ~ o. Hence, a variation of retarder from (X)o to (X) == o 
must be taken into account. 

In copolymerisation theory, the values of the two components at any 
stage in the reaction are inextricably combined in the “ copolymer com¬ 
position " equation,^* viz., 

. 7 (M) + (X) 

d{X) (X) • (M) + m(X)- • • • 

In general this docs not give a simple integral, but for retardation we 
have the simplification that (X) (A). Assuming a and n are, say, 

within lo* and lO"*, we obtain 

(,o) 

d(X) (X) • • • ‘ . 

This equation is also gained by division of the following pair, which clearly 
apply 

- d(M)/d/ = . . . . (31) 

- d(X)/d/ = ft,^,(X)i;(P,). 

‘•Mayo and Lewis, ibid., 1944. 66, 1594- 


and 
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Integrating (30) and substituting in (7) gives the function which should 
fit the experimental curves : 

— d(M)d/ I/[I + k,X,{(M)/(M,)}Va + ^,Xo*{(M)/(Mo)} 2 /^-l/ 2 . (32) 

The experimental data given in Fig. 1-3 do not allow of a rigid test 
of (32) since, besides and there are the undetermined quantities 
Xo and a. These curves have, however, a useful general property which 
is simply checked by experimental results. If all factors, other than 
retarder concentration, remain constant, then, no matter what retarder 
concentration is used initially, all the percentage polymer-time curves 
will be of the same shape. Thus, knowing the initial retarder concentra¬ 
tion, the curves should be superposable by suitable adjustment of the 
origin of co-ordinates. It is found that tracings of these curves on a 
large scale do accurately fit the upper portions of those of the systems 
containing larger quantities of retarder. 

The complications introduced by the term (Xo){(M)/(Mo)}^/® can in 
principle be overcome and (7) tested in its original form since the relative 
values of (Xo) for a series of curves are proportional to their inhibition 
periods. Hence a series of points of known values of (X) can be plotted 
on the most retarded curve, from which ki and Afg can be determined from 
the slopes for any pair. Then a graph of (X) ~ t can be constructed 
from the experimental results, and the value of (M) at any time read off 
from the integrated form of (7). The general shape of the retardation 
curves has been confirmed in this way, but the accuracy of the \^alues 
of (X), determined from the end-point of the inhibition periods, is not 
sufficient to justify drawing curves of form (7) to fit the experimental 
values. 


Discussion of the Mechanism of Inhibition and Retardation. 


The above kinetic and analytical results are consistent with the 
hypothesis that quinones react witli monoradicals and suitably spaced 
diradicals to give different products, in the first case a more stable free 
radical and in the latter a stable compound. 

The proposed inhibition mechanism is at once observed to be closely 
similar to the Diels-Alder synthesis, as seen from the following examples. 


D.A. reaction of acetylene carboxylic acids : 


CO,R 

I 

c: 

Mil - 
c 
I 

CO,R 


CO*R 

i 

c 


COJt 

I 

c: 




ROaC—C 

I 

RO*C—C' 

b 
I 

CO,R 

D.A. reaction of butadiene and quinone : 

CH 

/ 

CH 


/ 


CH, 

/ \ 


CH 

\ 


CHa 


RO,C—C C -COaR 

I li 

ROjC—C C~COaR 


C 

I 

COgR 

O 




CU. 

cH.'r ' 


CH 


I 

O 




Diels, Bet. B, 1942, 72, 1452. 
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Initiation and inhibition of styrene polymerisation : 


2 


CH, 

( 5 :HPh 


CH, 


PhH- 


/ 


+ 


\ / 

CTIPh 



CHa 


PhHC 


O 




CHPh ! 


o 


The assumption made here is that activation of the diene really consists 
in the production of a diradical. 

The different nature of short*chain diradicals and monoradicals assists 
in clarifying otherwise puzzling results, a good example being the ex¬ 
tensively studied polymerisation of cyclopentadiene. On heating the 
pure liquid the dimer is first formed, and later other condensed ring poly¬ 
mers up to the pentamer. This appears to be a simple diradical reaction : 


A 

+ I CHj-> 

\l 

in which it might be said that cyclopentadiene is a good inhibitor of its 
own polymerisation. 

The general applicabilitj’ of the Diels-Aldcr reaction indicates that 
other ethylenic compounds containing the double bonds conjugated with 
carboxyl groups ma^^ be inliibitors of thermal polymerisation, e.g. maleic 
anhydride. On trial, however, the substance greatly accelerated the 


w 


H. + 








Fig. 6.— Effect of tetraphenyl hydrazine Fig. 7.— Effect of tctraphenyl hydra- 
on thermal polymerisation of styrene. zine peroxide catalysed polymeris¬ 

ation of methyl methacrylate at 
8o^c. 

rate. Since this compound shows exceptional reactivity in heteropoly¬ 
merisation, it is possible that it forms half of the original diradical in 
preference to a second styrene molecule, which diradical cannot attack 
another anhydride unit. As it structurally resembles quinone, it is thus 
expected that the latter will also not inhibit the reaction. In a test 
experiment, a quantity of quinone, which would have completcl}^ inhibited 
the same quantit}^ of styrene present alone for 30 hr., produced a retarded 
polymerisation but no inhibition. 

It is of interest to study the action of a substance which is expected 
to reduce the overall rate solely by monoradical termination. In order 
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to terminate a polymer chain without producing another free valency- 
bond, the substance required is another free radical which will not also 
initiate polymerisation. It was observed that tetraphenylhydrazine * 
has a retarding action on the pol5ntnerisation of methyl methacrylate 
and vinyl acetate. Since there is a ready dissociation to long-life free 
radicals, it appears that these are too stable to initiate polymerisation 
but capable of reaction with other free radicals, a process requiring less 
activation energy. On this view, such a chain-terminating substance 
will act in a similar manner, whether initiation is diradical or monoradical. 
Fig. 6 and 7 show the effect of tetraphenylhydrazine on the thermal 
polymerisation of styrene and the peroxide-catalysed polymerisation of 
methyl methacrylate. In both cases there is a marked retardation but 
no inhibition, in distinction to the action of quinones. 

Mono- and Di-radical Reactions. 

The mechanism of initiation of polymerisation is difficult to establish 
unambiguously from rate and molecular-weight data, e.g. the same 
results are obtained with the two combinations (a) monoradical initiation 
and termination by combination and (h) diradical initiation and dis¬ 
proportionation. The influence of quinones on overall rate gives a simple 
differentiation between mono- and di-radical chain nuclei in the ca.ses 
studied. It may be that this method will prove of more general appli¬ 
cation. 

Recent work has shown that the photopolymerisation of vnnyl acetate 
and the uncatalysed photo-polymerisation of methyl methacrylate and 
styrene are inhibited by quinones, while the benzoyl peroxide-photo- 
sensitised polymerisation of vinyl acetate at room temperature is merely 

retarded. The facts suggest that thermal 
and photochemical polymerisations essenti¬ 
ally involve diradicals and the catalysed 
reaction monoradicals in the inhibition 
process. 

In photochemical and thermal poly¬ 
merisation reactions, which are especially 
suitable for study of the fundamental re¬ 
action steps, it has still to be clarified 
whether the double-unit diradical chain is 
formed as the primary step by collection 
of two molecules with the required orien¬ 
tation and energy, or whether there is 
originally produced a single-unit diradical 
by accumulation of collisional energy and 
that inhibition occurs after the first propa¬ 
gation step. 

This problem may be solved in a 
manner which has not so far been ex¬ 
plicitly stated in the literature. It has 
been deduced for all ca.ses that the ratio 
of the instantaneous weight- to number- 
average molecular weight is 2/1. How- 

Fig. 8.-Fraction of monomer number 

present. Ratio of overall averages are not nece.s.sanly m this integral 
weight-average to number- proportion. The three cases of zero-, 
average molecular weight. first- and second-order initiation with 

mutual termination are plotted in Fig, 8. 
The ratio remains at the initial value of 2/1 for second-order reaction with 
or without transfer occurring, but the other orders of initiation give a 

♦ We are indebted to Mr. A. McLaren for a sample of this substance. 
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continuous variation with extent of reaction. The osmotic method of 
measuring overall number-average molecular weights and the light¬ 
scattering means for weight average are now of sufficient accuracy to 
detect this difference of ratio between possible orders of reaction. Ex¬ 
periments are now proceeding with the object of studying the initiation 
mechanism by this technique. 


Summary. 

An attempt is made to bring the phenomenon of inhibition, retardation and 
copolymerisation in polymer reactions into relationship with each other as a 
general aspect of free-radical reactions. Additional data with regard to the 
effect of retarders of the quinone type on thermal- and peroxide-catalysed 
polymerisation of styrene and the peroxide-catalysed polymerisation of methyl 
methacrylate is presented to illustrate some of the points brought forward in 
the general classification. Among other matters it is shown, in the case of styrene, 
that quinone completely suppresses the thermal polymerisation but only retards 
the peroxide-catalysed polymerisation. In the former reaction a product has 
been isolated during the period of inhibition corresponding approximately to 
two molecules of styrene and one of quinone. These results are best interpreted 
by supposing that in the thermal polymerisation the initial step is the creation 
of a diradical formed by the collision of two molecules of styrene, whereas in 
the peroxide reaction only mono-radicals are naturally produced. 

Another n6w observation, also compatible with the general view-point is 
that in the quinone-retarded peroxide-catalysed polymerisation of methyl 
methacrylate the rate is proportional to the square root of peroxide concentration 
and not to the first power as might be expected. This observation is explicable 
on the assumption that the polymer radical attacks the quinone molecule forming 
an inactive radical which ultimately disappears by interaction with other radicals 
present in the system. 

Chemistry Department, 

University of Aberdeen. 


THE HYDRATION OF ETHYLENE OXIDE. 

By H, J. Lichtenstein and G. H. Twigg. 

Received ibth August, as revised 22nd December, 1947. 

The addition of w^atcr to ethylene oxide to form glycol has been studied 
by Brdnsted, Kilpatrick and Kilpatrick ^ in neutral and acid solution. 
Values at 2o‘" c. were obtained by these authors for the velocity constants 
of the uncatalysed and the hydrogen ion-catalysed reactions. These 
constants were measured by a dilatometric method and the authors report 
that “ experiments in NaOH solutions up to o-i m. showed the effect of 
hydroxyl ion to be negligible.’' 

However, in experiments which we have made on the production of 
ethylene oxide from ethylene chlorhydrin, the quantity of glycol found was 
in excess of that to be expected on the basis of an uncatalysed reaction 
alone. Further investigation, following the reaction analytically, has 
shown the existence of a hydroxyl ion-catalysed reaction between water 
and ethylene oxide to form glycol. A passing reference to this effect of 
hydroxyl ion has also been made in a recent paper by Porret.* 

Experimental. 

Reactions were carried out in stoppered conical flasks immersed in a thermo¬ 
stat bath. Samples were removed at frequent intervals and the ethylene «oxide 

1 Brdnsted, Kilpatrick and Kilpatrick, /. Amer. Chem. Soc., 1929, 51, 428. 

* Porret, Helv. chim. Acta, I944» 27, 1321. 
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estimated by a modification of Lubatti's method.® The ethylene oxide which 
had reacted was periodically checked by determination of the glycol formed 
according to the periodate method (Voris. Ellis and Maynard ®). It was found 
that ethylene glycol is the only product of the reaction within the limits of 
accuracy obtained in our experiments. 

The original method of Lubatti ® is chiefly applicable to estimations of gaseous 
ethylene oxide, and for aqueous solutions the addition of solid magnesium chloride 
is recommended. In the present experiments, however, it was preferred to 
use as reagent a saturated solution of MgClg acidified with 50 % H^SOi to give 
a strength of 0*2 n. acid. A blank on the acidity was done periodically ; the 
acidity remained constant over a period of two months. Methyl orange was 
the indicator used. With this method, it was found on checking with weighed 
amounts of ethylene oxide that the estimates of ethylene oxide were low, and 
varied according to the size of the aqueous sample. By standardising the pro¬ 
cedure and using a factor, reliable and reproducible results were obtained. 


Mechanism of Lubatti’s Method. 


The explanation which has been given by Lubatti ® for the mechanism of 
the reactions involved in this estimation is not satisfactory, particularly in 
regard to the failure of the reaction to estimate 100 % of the ethylene oxide. 
Lubatti regards the reaction as occurring betw'een HCl and the oxide, and 
suggests that the salt may act “ in two ways : first by increasing the effective 
concentration or activity of the acid ; secondly, by binding the water of solution 
and hindering hydrolysis." 

Deckert ® points out that the reactions 

(I) (CH 2),0 + 11,0 -> (CH,OH), 

(II) (CH ,),0 + 11,0 -f IlaO-* ---> (CH,OH), + H3O *- 

(III) (CH ,),0 + H ,0 + Cr -CH,OTr—CH,C 1 + OH' 

(IV) (CH2)aO + 1130^+ Cl'-^ CH,OH~CH,Cl + H ,0 

studied by Bronsted et al.^ have a bearing on this question, but fails to draw any 
conclusions. Quantitative examination of Brdnsted’s results shows that under 
the conditions of estimation of ethylene oxide (i.e. high hydrogen ion con¬ 
centration) reactions (I) and (III) are relatively too slow to be significant. 
Reaction (IV) is the reaction by which ethylene oxide is determined ; reaction 
(11) produces glycol and therefore causes the failure of the method to estimate 
100 % of the ethylene oxide present. 

A rough idea of the efficiency of this estimation can be obtained by using 
the velocity constants given by Bronsted et al. If c and g are the concentrations 
of ethylene chlorhydrin and glycol respectively formed at time t, and x is that 
of the ethylene oxide, the kinetic equations are 



dg 


dt 


dc 

and 

dt 

hence 

dg 

dc 


= k^x [II*] . 

- ^,;r[H*]rCl'J 


dc /tJCl']* 


(1) 

(2) 


Since the chloride ion concentration does not change appreciably during the 
estimation this can be integrated and at the completion of the reaction the ratio 
of glycol to chlorhydrin G/C equals k^jk^lCV] ; the efficiency of estimation is 

C _ ^4[CiT , 

G + C A, + ^.[Crj. 


The values for A, and given by Bronsted et al. are at 20° c., ~ 0*32 

1. mole.“^ min.~^, and = 1*3 1 .® mole.~® min.“^. These values were determined 
in dilute solution and it is therefore not permissible simply to extrapolate them 
to the high concentrations used in the estimation of ethylene oxide. However, 
these figures give an indication of the order of efficiency to be expected, and 
eqn. (3) shows how the efficiency will fall off as the reagent is diluted. 


® Lubatti, J. Soc. Chem. Ind., 19+2, 51, T, 361. 

^ Voris, Ellis and Maynard, J. Biol. Chem., 1930, 133, 491. 
® Deckert, Z. anal. Chem., 
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For example, with a saturated solution of MgCl, (46*7 g. MgCl,/ioo cc.), 
the efficiency should be 97*6 % ; Lubatti * gives 98*9 % (experimentally deter¬ 
mined). With a more dilute solution of chloride ions, e.g. 30*9 g. NaCl/ioo cc. 
the efficiency is calculated to be 95*5 % and Lubatti finds 94*0 %. 

The discrepancy between the calculated efficiencies and those determined 
by Lubatti is somewhat greater at the lower chloride ion concentrations, but the 
order of agreement is sufficient to confirm the view that the mechanism of the 
estimation of ethylene oxide is as stated here. 

In the present experiments, the estimation was done by adding 2 cc. of the 
aqueous solution to 50 cc. of the reagent; the efficiency of estimation under these 
conditions was found, as a mean of three experiments, to be 96*8 % (in close 
agreement with calculations on the above basis) and the true concentration of 
ethylene oxide was calculated using this factor. 

Results. 

(A) The Uncatalysed Reaction. —The first-order velocity constants (Aq) 
were determined from the slope of the plots of the loge [ethylene oxidej against 
time (Table I). 

As this reaction is so much slower than the catalysed reactions (Brdnsted 
ei al. find a unimolccular constant of 
2* 16 X io~® at 20° c. corresponding to 
a half-time of 23 days), care has to be 
taken to keep the pu value at 7*0 to 
8*0 throughout the reaction by the 
addition of a drop of dil, NaOH at the 
beginning of the reaction. The very 
slow reaction at 20'’ c. could not be 
carried very far, and accurate measure¬ 
ments of the velocity constant u.sing 
this technique were not pos.sible ; dis¬ 
crepancies may be due to contamina¬ 
tion by COj. However, the values 
found agree fairly well with Bronr.ted's 
value obtained by a dilatometric 
method. 

Experiments were carried out at 
several temperatures and logc was 
plotted against the reciprocal of the 
absolute temperature. Also included 
are some values obtained by a difierent 
technique ; all points were found to 
lie accurately on a straight line, from 
the slope of which the energy of acti¬ 
vation for the catalysed reaction was 
found to be 19*0 J_ 0*3 kcal.molc.~b The unimolecular velocity constant 
« — 19,000 

IS then 3*19 X io*e-nr- min.-\ 

i-yqi 

(B) The Hydroxyl Ion-Catalysed Reaction.— The conversion of ethylene 
oxide to glycol w^as carried out in the pre.sence of NaOH ; plots of loge (ethylene 
oxide) against time were straight lines, showing that the reaction is first order 
with respect to ethylene oxide. 

Effect of Ethylene Oxide Concentration. —The effect of ethylene oxide con¬ 
centration is shown in Table II at a constant NaOH concentration of i*oio M. 

Although the experimental error is relatively large, the results show that, 
with increasing ethylene oxide concentration, there is no regular change in 
The reaction is truly first order with respect to ethylene oxide. 

Effect of Hydroxide Concentration. —The effect of the hydroxide concentra¬ 
tion is given in Table HI at an ethylene oxide concentration of i‘i to 1*3 M. 

Aqh is not constant here, but increases with the hydroxide concentration 
according to the equation, io®^oh — 3*9 “h i*o fOH'] 1 . moles'*^ min.“^. This 
appears to be a primary salt efiect of the type to be expected in reactions between 
an ion and an uncharged molecule. Owing to the high concentrations used, 
the effect observed is considerable, but it would amount to an increase in vniocity 
constant of about 2*5 % in o*i n. NaOH, as compared with a 9 % increase at 
0*1 N. salt concentration found by Brdnsted et al. in the acid-catalysed reaction. 

These experimental results show that besides the uncatalysed and the hydrogen 


TABLE I 


T^c. 

^0 ol>S. 

(min.-i). 

20-0 

2‘I6 X lO"** (a) 

20*0 

2*5 X 10-5 

30*2 

5*45 X 10-5 

48-0 

3*55 X lo--* 

70*3 

2*68 X 10-® 

113 

5*1 X lo-n 

1^3 

1*17 X 10-1 y (6) 

131 

1*73 X lo-ij 


(а) Brdnsted, Kilpatrick and Kil¬ 
patrick, J. Anier. Chem. Soc., 1929, 
51, 428. 

(б) H. M. Stanley and G. Minkoff 
(private communication) ; these ex¬ 
periments were carried out in a flow 
system under pressure. 
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ion-catalysed reactions, a hydroxyl ion-catalysed reaction exists. The general 
expression for the first-order velocity constant in this case is : 

^ + AoH'fOH']. 

In comparison with other reactions in which there is a catalysis of this type, the 

TABLE II 

k = observed first order constant; — velocity constant of the uncatalysed 

reaction (Table I) ; Aon “ ^o) divided by the hydroxide concentration ; 
T — 20*0° c. 


Expt. No. 

C8H4O 
moles /I . 

k (min.-i). 

k~kf^ (min.-i). 

^OH 0* niol.-i min.-i). 

II9D 

0-135 

5-47 X 10-’ 

5 - 45 X lo-» 

5*40 X IO “3 

156C 

0*221 

4*36 X IO-* 

4*34 X 10-* 

4*30 X lo ~3 

156B 

0*299 

4*46 X 10“* 

4*44 X lo"® 

4*40 X 10-3 

II9C 

0*309 

5*02 X io~* 

5*02 X IO“* 

4*96 X 10-3 

iigB 

0-543 

5*40 X TO * 

5*38 X 10-3 

5*33 X 10-3 

119A 

0*861 

5*21 X io~® 

5*19 X IO “3 

5*14 X 10-3 

4 ^ 

0*740 

4*81 X IO~® 

4*79 X 10"3 

1 4 * 75 X 10-3 

71 

1*092 

4*93 X io-» 

4*91 X 10-3 

4 * 86 X 10-3 




Mean value 4*85 x lo"* 

1 


value of Aoh is abnormally low. The ratio Aqh/Ah is about lo"®, whereas in 
the case of the hydrolysis of esters and amides, it is generally about lo*. Similarly, 
the ratio Aon/Anao (where Ah,o — ^o/55*5) is about lo* here in contrast to a 
number of examples * where the ratio is of the order of lo". On the other 
hand, the hydrolysis of ethers is not a reaction in which a hydroxyl ion catalysis 
has so far been observed. The relative smallness of Ayn accounts for the fact 


TABLE III 
T — 20*0° c. 


Expt. No, 

Molarity 

NaOH. 

A'(inin.-'). 

k — k ^ (min.-i). 

O' niol.-i min.“9. 

122E 

0*257 

1*04 X 10-3 

1*02 X IO"3 

3*97 X 10-3 

122D 

0*511 

2*32 X 10-3 

2*30 X 10-3 

4*51 X 10-3 

156D 

1*010 

4*93 X 10-3 

4*91 X 10-3 

4*86 X 10-3 

122C 

1*030 

5*46 X 10-3 

5*44 X 10-3 

5*28 X 10-3 

122B 

1-540 

8*6g X 10 ”3 

8*67 X 10 '3 

5*63 X 10-3 

122A 

2*020 

11*68 X 10-3 

11*66 X 10-3 

5*77 X 10-3 


that at the lower concentrations investigated by previous workers the hydroxyl 
ion-catalysed reaction was overlooked. 

Activation Energy. —Values of Aqh^ were found at 3 temperatures (Table IV). 
Owing to the speed of the reaction at higher temperatures the hydroxide con¬ 
centrations could not be made .strictly comparable. The value at 20® c. was 
obtained by extrapolation of the results given in Table III to 0*1 M. hydroxide. 


TABLE TV 


Expt. No. 

1 Molarity. 

T 

(°c.). 

*^®i*”* min.“i). 

NaOH. 

CjH40. 

Extrapolated 

0*100 

1*010 

20*0 

3*90 X 10-3 

44 

0*100 

1*050 

48*0 

6*40 X IO-* 

81 

0*050 

0*421 

70*3 

3*66 X 10-^ 


‘ See Bell, Acid-Base Catalysis (Oxford, 1941). p. 92. 
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From the graph of log Aqh' against i jT the energy of activation is found to 
be 18* I ± 1*0 kcal. mole“^ The velocity constant for the catalysed reaction 

can be expressed as 1*23 x 10^^ e—1. mole^^ min.~^. 

1 * 99 ^ 

The authors wish to thank the Distillers’ Company Limited for per¬ 
mission to publish these results. 

Summary. 

The hydration of ethylene oxide to ethylene glycol was studied in neutral 
and in alkaline solutions and at different temperatures and concentrations. 
In alkaline solution a hydroxyl ion-catalysed reaction, in addition to the un¬ 
catalysed reaction, occurs. The reaction is of the finst order with respect to 
ethylene oxide and shows a small positive primary salt effect. The energies of 
activation for the uncatalysed and the hydroxyl ion-catalysed reactions were 
obtained. 

The mechanism of Lubatti's method for estimating ethylene oxide is discussed. 

The Distillers Company, Limited, 

Research and Development Department, 

Great Burgh, 

Epsom, Surrey. 


MONOLAYERS OF SOME DIESTERS. 

By J. T. Davies. 

Received znd February, 1948. 

Many studies of monolayers of dibasic acids and esters have been made 
by Adam and co-workers, ^ using both potential and pressure measure¬ 
ments. The usual effect of adding a second polar group to a long hydro¬ 
carbon chain is to expand the film, and the diethyl ester with ii CHg 
groups between the ester groups gives the most perfect gaseous films 
found, the product of the surface pressure, 77 , in dynes cm.-', and the area 
in A.* per molecule, being close to the theoretical value of 400, at the 
greatest areas. As the area is diminished there is a slight dip in the IJA 
plot, attributed to the influence of lateral adhesions, but below 180 a.* 
there is a steady and considerable rise in HA, undoubtedly due to the 
fact that the molecules, lying flat in the surface, occupy a large fraction 
of the area. The 16 CII2 diester shows a second fall in HA, noticeable 
below 140 A.®, due to the lateral adhesions between the molecules causing 
aggregation into the condensed state. 

The film potentials of dicsters w^ere measured by Adam, Danielli and 
Harding, 2 using compounds in which the two polar groups were separated 
by II and 16 CH* groups. These authors found that the surface moments 
were constant at areas greater than 140 a.*, being 1200 milli Debyes for 
the II CHj ester and 1120 mu. for the 16 CH* homologue. The value 
for one polar group, about 600 mo., is quite unusually large. At 140 a.* 
the 16 CH 2 ester was found to start condensing ; and the surface moment, 
decreased sharply, and fluctuated, showing the film to be inhomogeneous. 

In the condensed state the molecules are considered to be oriented 
vertically, with one polar group in the surface and one away from it. 
Adam, Danielli and Harding * have studied the 20 and 32 CH, derivatives, 
which both give condensed films, and have found fi to be as low as 340 ftiD. 

' Adam and Jessop, Proc. Roy. Soc. A, 1926, 112, 376. 

* Adam, Danielli and Harding, ibid., 1934, 147, 491. 
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The present investigation was undertaken to find the effect of changing 
the positions of the polar groups while the number of CH, groups in the 
molecule was kept constant. In the molecule RO,C . (CHjjn . COjR. 
R is called the “ end chain.'" The (CH2)„ is the " middle chain." As 
the carbonyl groups become closer together, the end chains will become 
freer, and, not necessarily lying in the surface, should permit compression 
of the film to a certain area corresponding to that part of the molecule 
held in the water surface by the attraction of the polar groups. Further 
compression will necessitate reorientation of the hydrocarbon part formerly 
lying in the interface, and the removal of one of the polar groups from the 
water. This process would be hindered by long end chains. 

Experimental. 

The usual surface balance and amplifying circuit were employed. Water 
was redistilled in an all-glass PjTex apparatus. 

The melting-points of the esters were : 

Dilauryl oxalate : 38*7-38-9° c. 

Didecyl adipate : 26*8-27*2° c. 

Dioctyl sebacate : 18*2-18*4° c. 

Dibutyl thapsate : 32*3-32*5° c. 

Results. 

In Fig. I are given the IJ-A and fi A curves for the various esters on 



N./ioo HCl at 22° c. Those studied were dilauryl oxalate, didecyl adipate, 
dioctyl sebacate and dibutyl thapsate. The curves for HOjC . (0112)24 . CO2H 
and Et02C . (01-12)20 • 0O2Et are also included from the results of Adam and 
Jessop,^ and the potential of the latter substance from the work of Adam, 
Danielli and Harding.** These molecules all have a total number of carbon 
atoms of 26, except for dibutyl thapsate, which has 24. When the carboxyl 
groups in the molecule are brought closer together, in passing from dibutyl 
thapsate to dilauryl oxalate, the areas at a given pressure decrease regularly, 
and, in the case of didecyl adipate and dilauryl oxalate the film is no longer 
gaseous. The characteristic plot for a film obeying the ideal gas law is included 
for purposes of reference. 

The diethyl ester gives a condensed film, with an area of about 20 A.® per 
molecule, and Adam and Jessop ^ found that films of the dibasic acid, 

HO,C . (CH2),4 . CO,H 

gave gaseous characteristics, but that at 2 dynes, the area was about two-thirds 
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that of the i6 CH, diethyl ester. They suggested that this greater cohesional 
correction was due to the enhanced attraction of the carboxyl groups between 
neighbouring molecules in the film. The acid film was rather unstable at higher 
pressures, and visible aggregates formed in the surface. 

The potentials observed in the gaseous phase indicated a constant value of 
(jt for the esters till about 140 a.* per molecule, when a falling-ofi was observed, 
a phenomenon similar to that observed by Adam, Danielli and Harding.^ The 
monolayers of didecyl adipate and dilauryl oxalate gave fluctuating potentials 
at areas greater than 165 a.* and no a.* respectively, indicating the formation 
of islands of material. The potential of dilauryl oxalate was much lower than 
that of the other esters at similar areas. 

Plots of ITA against 77 {Fig. 2) showed a much greater deviation than those 



ol Adam and Jessop,^ from the theoretical value of 400 for IJA, indicating that 
the esters used in the present work have a greater cohesional attraction than 
tho.se studied by the former authors. 


Discussion. 

In Fig. 3 are plotted the moments at 2 and 7 dynes cm.-^ for the 
various esters against the number of carbon atoms in each end chain. 
The number of CH, groups in the central portion of the molecule is 24, 
less twice the number in each end chain (except for dibutyl thapsate, 
which has two carbons fewer in the water surface). It is seen that the 
moments lie on a smooth curve, both at 2 and at 7 dynes cm. There 
is a maximum when there are six carbon atoms in each end chain, i.e. 
12 carbon atoms in the middle portion and a total of 12 in the end chains. 
The maximum means that the polar groups can exert their greatest effect 
and any increase or decrease in the number of carbons in the end chains 
will lessen the contribution, due either to twisting the dipoles aw’ay from 
their positions of greatest vertical component, or by making possible a 
form which can more easily lose one polar group from the water surface. 

The same figure shows the areas per molecule at 2 and 7 dynes cm.-^ 
There is again a maximum at about the same point, indicating a maximum 
randomness when there is the same number of carbon atoms in the end 
chains as in the central portion of the molecule. The packing the 
molecules in the surface is thus least dense at this point, evidently on 
account of lower van der Waals' forces between the hydrocarbon chains. 
A longer middle portion makes possible condensed films, and longer end 



912 


MONOLAYERS OF SOME DIESTERS 


chains also adhere together more strongly. When the change from the 
ethyl ester to the free acid is considered, there is not only the effect of 
increased van der Waals’ forces between the middle chains, four carbons 

longer, but also the more powerful repul¬ 
sion at small distances by the polar forces 
of the free carboxyl groups, previously 
esterified, which evidently exceeds the 
increased attraction, and an expai\gion 
results. 

In Fig. 3 are plotted also the recipro¬ 
cals of the pressures at which the films 
collapse. Again the curve shows a maxi¬ 
mum at the most “ random " structure, 
which gives a monolayer less stable to 
pressure than one with long middle or end 
chains, both of which evidently facilitate 
adhesion, and give films less easily broken 
than the random structure. The increase 
in passing to the acid itself is seen in the 
graph, indicating that the repulsion be¬ 
tween the carboxyl groups in the con¬ 
densed state renders the film unstable to 
pressure. 

There is also an interesting increase as 
the number of end chain carbon atoms in¬ 
creases from lo to 12. The latter number 
is that of the dilauryl oxalate, and the 
two hydrocarbon chains joined to the con- 
Fig .3. tiguous polar groups interfere somewhat 

at this point unless extensive twisting 
occurs. This phenomenon opposes the van der Waals' attraction of the 
long chains, and a decreased stability to pressure results. 

It is possible to correlate the areas with the distance apart of the polar 
groups in a different way, by making models of the molecules, and assum¬ 
ing that the polar groups hold the middle chain completely in the surface. 
The results are summarised in Table I. 

The models were made from atoms built to scale, and the bond moments 


TABLE I.— Areas in a.^. Moments in MilliDkbves. 



Dibutyl 
i Thapsate. 

Dioctyl 

Sebacate. 

Didetyl 

Adipatf. 

I )ilauryl 
Oxalate. 

Max. area of electrical homo- 

i 


1 


geneity .... 

CX) 

00 

1O5 

110 

Model area, molecule lying flat . 

157 

163 

167 

160 (j 12) 

Breaking area.... 

124 

93 

73 

74 

Min. area from model 

124 

91 

70 

— 

Area at which /x begins de¬ 





creasing . . . . f 

155 

135 

140 

(100) 

Kink in 11 - All plot 

154 

133 


— 

/X at lowest pressure (observed) 

1290 

1330 

1270 

870 

/X at lowest pressure (calculated) 

looo 

1060 

lobo 

870 

/X at break-point (observed) 

1190 

1150 

1000 

840 

/X at break-point (calculated) 

992 

1 992 

992 

870 

A /IX (observed) 

lOO 

180 

270 

30 

A/x (calculated) 

68 

68 

68 j 

0 
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of esters of Alexander and Schulman® were assumed to apply, and the 
moment results are compared with those observed in Table I. The 
difierences between the values thus calculated and those found may be 
due to the dielectric constant of the surface being different from that in 
the case of monoesters, for which Alexander and Schulman worked out 
their ester bond moments. In the diester, since there is an even number 
of carbon atoms between the polar groups, a twist in the chain is necessary 
if both polar groups are to be oriented in the position of maximum vertical 
component. The minimum area corresponds to the end chains being 
vertically oriented with respect to the surface. There is, for these esters, 
no evidence that a polar group can be lifted out of the surface, such a 
process evidently being hindered by the long end chains. 

It is interesting to note that the obser\^ed and calculated values of the 
moment agree closely for didecyl adipate in the compressed state, and for 
dilauryl oxalate, in both of which cases the arrangement of chains above 
the surface is similar to that in a compres.sed monoester film. In the 
case of dilauryl oxalate, the area of 112 a.* corres|x>nds to a V-shaped 
molecule, with the chains arranged regularly, and as far apart as possible. 

The TJA-n plots showm in Fig. 2 for the four esters, dibutyl thapsate, 
dioctyl sebacate, didecyl adipate and dilauryl oxalate arc not linear. If 
a van der Waals' equation held, i.e. the molecules were incompressible, 
the plot should be a straight line, with slope equal to the area occupied 
by a molecule in the surface. At higher pressures, this area is seen from 
the observed HA-IJ plots to decrease, and, in the cases of dibutyl thapsate 
and dioctyl sebacate, there are discontinuities corresponding to areas 
of 154 A. 2 and 133 A. 2 respectively. There are no obvious kinks in the 
77 / 1-77 plots of tiie other esters, but the .slope decreases gradually. The 
slope at the lowest pressures give areas rather less than the maximum 
ones deduced from thti models, and IIA is very far from the ideal value 
of 400 ; even at 0 4 dyne it is 100 or less for the different ester molecules. 

The author thanks sincerely Prof. F. K. Kideal, F.R.S., for continual 
help and encouragement. His thanks arc also due to the Anglo-Iranian 
Oil Company for a gift of the esters, and the Council of Canterbury College, 
University of New Zealand, for an award of the Lord Rutherford Memorial 
Research Fellowship. 


Summary. 

Force-area and surface moment-area curves have been determined for four 
dibasic esters, dilauryl oxalate, didecyl adipate, dioctyl sebacate and dibutyl 
thapsate. As the ester linkages become more widely separated, the total number 
of carbon atoms remaining constant, the fdms expand. 

A plot of areas at 2 and 7 dynes cm. against the number of carbon atoms in 
each end chain has been drawn, including the results of Adam and Jessop ^ 
for HOgC . (CHa) 24 .C 02 H and KtOgC.fCHajao ■ COgEt. Similar plots of /x and 
the reciprocal of the breaking pressure are also drawn, and in all cases a maximum 
is found close to the point where the number of carbon atoms in the end chains 
is equal to the number in the middle of the molecule. 

Models of the various molecules have been constructed, and have been used 
to find the areas occupied in the surface when the end chains are vertical, and 
in the surface. The results agree well with experiment. 

Davy Faraday Research Laboratory, 

The Royal Institution, 

21 Albemarle Street, 

London, W.i. 

® Alexander and Schulman, Proc, Roy, Soc. A, 1937, 



INTERMOLECULAR POTENTIALS IN 
NEON AND ARGON. 

By J. Corner. 

(Communicated hy Sir John Lennard-Jones, F.R.S.) 

Received 2^th June, 1947, revised ^th Febraury, 1948. 

To determine intermolecular forces from a macroscopic property it is 
necessary that it be measurable experimentally with sufficient accuracy, 
and that there should be a secure theoretical foundation. The latter 
has been the limiting factor in the past, and explains why most work has 
been devoted to the analysis of equilibrium properties of gases at low 
densities; at first it was the second virial coefficient which was used for 
this purpose, but recently Hirschfelder, Ewell and Roebuck ^ have shown 
that the Joule-Thomson coefficient (extrapolated to zero density) can 
also be used. Recently, too, use has been made of experimental data 
on the solid state, by Herzfeld and Goppert-Mayer,® Kane ® and Rice.* 
The theory of the liquid state is not yet so advanced that experimental 
data on liquids can be given great weight in such an analysis. 

It has been necessary to have at least three arbitrary constants in 
the intermolecular potential, so it has been possible to reach a unique 
potential only when experimental data have been available for a wide 
range of temperature, and, moreover, when the data have covered as 
many properties as possible. For example, the intermolecular potential 

E{r) = [6{rolr)" — n(r„/r)<‘]€l{n — 6), . . . (i) 

where r is the distance between the centres of the molecules and the 
value of r at the minimum, leads to a second virial coefficient which has 
been expressed as a convergent series by Lennard-Jones,* and which can 
therefore easily be compared with experiment. There are three arbitrary 
constants in this potential, namely c (the depth of the potential well), 
Vq (the separation at which this minimum is attained) and n. It usually 
happens that for any n within the range of, say, 9 to 18, one can pick € 
and Vq to give a good fit to the observed second virial coefficient over a 
long temperature range. To fix the right n, it is essential to use some 
other property, such as the lattice distance or heat of sublimation, both 
taken at o'’ k. to reduce uncertainties in the theory. The typical behaviour 
(cp. Fowler has been a disagreement in the values of n indicated by these 
two properties ; it has been shown (Corner ’) that this has been due partly 
to omission of the effect of the zero-point energy on the lattice distance. 
It will be made clear in the present paper that, at any rate for neon and 
argon, much of the remaining discrepancy arises from taking the most 
uncertain of the fitting processes at too early a stage. 

Hirschfelder, Ewell and Roebuck ^ tried to fit the Joule-Thomson 
coefficient of argon with their theoretical expression derived from (i). 
It was not possible to get agreement for any values of the three arbitrary 

^ Hirschfelder, Ewell and Roebuck, J. Chem. Physics, 1938, 6, 205. 

2 Herzfeld, and Gbppert-Mayer, Physic, Rev., 1934, 46, 995. 

“ Kane, /. Chem. Physics, 1939, 7, 603. 

^ Rice, J. Amer. Chem. Soc., 1941, 63, 8 . 

* Lennard-Jones, Proc. Roy. Soc. A, 1924, 106, 463. 

* Fowler, Statistical Mechanics (Cambridge, 1936), Ch. X. 

^ Corner, Trans. Faraday Soc., 1939, 35, 711. 
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constants, and they concluded that this was probably due to the in¬ 
adequacy of the form (i) for the intermolecular potential. They sug¬ 
gested that it might be possible to get agreement by using a repulsive 
potential of exponential type, e-***, rather than an inverse power, r-^. 

There had been several indications that such an exponential repulsion 
would probably be more accurate than any inverse power (Bom and 
Mayer,® Bleick and Mayer,® Huggins ^®). The objection to its use in this 
connection has been that to evaluate second virial or Joule-Thomson 
coefficients for this law of force it is necessary to use numerical integration. 
Buckingham devised a less laborious, but approximate, method of 
finding the constants of an exponential repulsive potential by fitting to 
observed second virial data. In this process any changes in the data 
would make it necessary to repeat most of the work, and the accuracy 
of the derived potential is not easily determined. Buckingham’s results 
were a pair of laws in non-overlapping regions, leaving some doubt as 
to the values in the intermediate region ; with a smooth interpolation 
these potentials for neon and argon did, however, give good agreement 
with both lattice spacing and heat of sublimation at o® k. 

The present investigation was carried out to find the best potential, 
with repulsion of exponential type, that could be determined from data 
on neon and argon. These are certainly spherically symmetrical and not 
subject to large quantum corrections. Points to be cleared up were the 
accuracy of Buckingham’s results, and the difficulties which Hirschfelder, 
Ewell and Roebuck had found in using the Joule-Thomson data for argon. 

We use three types of data : (a) lattice distance, (6) heat of sublima¬ 
tion (both at 0° K.) and (c) second virial results at various temperatures ; 
Joule-Thomson data, if available, are treated in the same fashion as 
second virial data. The first two are known or can easily be estimated 
for those substances for which second virial data are available, and more¬ 
over are likely to be more accurate than the last. We shall, therefore, 
impose on all our potentials the conditions that they reproduce the ex¬ 
perimental lattice spacing and heat of sublimation at 0° k. This relates 
two of the three arbitrary parameters to the third, leaving this to be 
determined by fitting to the virial data. The theoretical virials can now 
be found from tables published recently by Buckingham and Corner.^® 
The accuracy of fit to the experimental points is made obvious, particular 
values can be weighted if desired, and the use of new virial data means 
very little extra work. Changes of the accepted values of lattice spacing 
and heat of sublimation would involve rather more recalculation, but 
such changes are likely to be much smaller than alterations to the virial 
coefficients. This method leaves to the last the most uncertain process, 
which is the fitting to a set of usually rather scattered experimental points. 
Furthermore, this fitting is simplified by having at this stage only one 
parameter still arbitrary, instead of the two in the usual method. 

A similar order of using the various data has been followed by Herzfeld 
and Gbppert-Mayer ^ and Kane,® who worked with potentials which had 
exponential repulsion terms. Two relations between their three arbitrary 
constants were obtained from the observed lattice spacing and heat of 
sublimation at 0° k. Properties of the solid state were calculated as 
functions of the remaining parameter. These researches threw light on 
the theory of dense phases, but the methods are very laborious if one is 
merely trying to decide the best value of the third parameter. Rice * 
has shown how a potential energy curve can be found, without too much 
labour, from thermal and volumetric behaviour of the solid state, assisted 

® Born and Mayer, Z. Physih, 1932, 75, i. 

® Bleick, and Mayer, J. Chem. Physics, 1934, 3 , 252, 

»» Huggins, ibid,, 1937. 5 » I 43 - 
Buckingham, Proc. Roy. Soc. A, 1938, 168, 264. 

Buckingham and Corner, ibid., 1947, 189, iiS. 
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by approximate integration of the second virial coefficient. The results 
are somewhat uncertain because of doubts about the effect of disorder 
in the solid. 

Formulae used. 

(a) Equations for the Crystal.—^We take the potential energy of a pair 
of molecules whose centres are a distance r apart to be 

E = — €f(a),.(2) 

where a =- rjr^, .(3) 

and, if <T > 1, 

f(a) - [a(l + ^8) - 6 - - (6 + 8 ) 3 ) e“ - D], (4) 

while, if a < I, 
f(a) [a(l + jS) - 6 - 

[aa-'’‘(l 4- iSa--)c - (6 + 8j8)e--'*^^-l)]. (5) 

The notation is the same as in the paper of Buckingham and Corner. ^2 
The potential energy of this isolated pair of molecules has a minimum 
of ~ € at y = ^0. where a = i, a is a measure of the steepness of the re¬ 
pulsion, and may be expected to lie in the neighbourhood of 12-15. The 
attractive potential consists of a term proportional to r-*’, the usual London 
dipole-dipole potential valid at large distances, and a dipole-quadrupole 
term proportional to The relative importance of this term is deter¬ 
mined by j 3 , which is known from theory to be in the neighbourhood 
of 0*15 (Buckingham, Margenau,^* Orr^^). The change in the function 
f in passing a = i is only a discontinuity in the third and higher deriva¬ 
tives, and is introduced for convenience to prevent f from becoming in¬ 
finite as or tends to zero. In this section we shall be considering values 
of o not less than 0-9, and it will be sufficiently accurate to use (4) throughout 
this section. The complete form, (4) and (5), was used in the preparation 
of the virial coefficients. 

This form of potential energy can be applied only to molecules which 
are nearly spherically symmetrical. This restriction is more severe in 
the application to the crystal than in that to the gaseous state. It has 
been shownelsewhere that the form of the second virial coefficient 
as a function of temperature is not much altered by deviations from 
spherical symmetry. 

Let R be the distance between the equilibrium positions of nearest 
neighbours in the face-centred cubic crystal at 0° K. Let i?, be the distance 
from the lattice point of a given molecule to the lattice point of its ith 
neighbour. Let i?/r0 = a and Rijr^ = a,. The potential energy of a molecule 
at a distance z from its equilibrium position, averaged over all orientations 
of this displacement, and with all other molecules at their lattice points, is 

- *{a(i + / 3 ) - 6 - 8 j 3}-»2 [aa,-* + a;8ar“ - (6 + 8 / 5 ) e -**"*-D] - 

t 

a*(^V3»'o‘'){a(i + P)-6- 8/5}x 

2 [i5orr“ + 28^0^0 - (6 + 8/5)(ia - or^) (6) 

t 

Now ^ == where are numerical constants which have 


Buckingham, ibid., 1937, 

Margenau, Rev. Mod. Physics, 1939, ll, i. 
Orr, Proc. Camh. Phil. Soc., 1942, 38, 224. 
Corner, Proc. Roy. Soc. A, 1948, 19a, 275. 
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been computed by Lennard-Jones and Ingham.^® The summation of the 
repulsive forces may be written as 

2 = I20(ota) . . • ( 7 ) 

1 

The contributions of non-nearest neighbours being small, 6 is close to 
unity. We shall need also dd/d{oc.a), abbreviated to 9 ' in later equations. 
Table I gives 9 and (9 — 9 ') over a range sufficient for applications of 
the present method, together with the summation factors C®, Cg and ClQ, 


TABLE I. —Functions required for Applications to Crystals. 


acr. 

0. 

M". 

j'". 

o-d'. 

M". 

^1'". 

10*5 

1-007408 

719 

-93 

1-010789 

logo 

-144 

1 T 

590b 

557 

—69 

1-008567 

838 

— 108 

ii-5 

4721 

434 


6824 

648 

-82 

12 

37«3 

340 


5451 

504 

— 62 

12*3 

3037 

268 


4365 

394 


13 

2443 

211 

i 

3503 

310 


13*5 

1968 

167 


2816 

245 


14 

I5S7 

133 


2267 

194 


14*5 

1281 

106 


1828 

154 


15 

1-001036 

«5 


1476 

123 


15*5 

1-000838 

69 


1-001193 

99 


16 

678 

i 


1-000965 




Cg ---- 14*4539 ; C'a == 12-8019 ; C,o = I 2 - 3 II 2 - 

These tables are intended to be used with Bessel interpolation. M" is the 
sum of adjacent second differences, modified to include the effect of the fourth 
difference. Third differences are tabulated as A"' where they need to be taken 
into account. 

The term in (6) which depends on is needed only to give a small 
correction to the equilibrium lattice-spacing, and it is therefore possible 
to neglect in this term the repulsions from non-nearest neighbours. The 
potential energy of the molecule becomes 

~ €{a(i -f j 3 ) - 6 - 8 j 3 }-i[aCec-® -f - 12(6 -f Sp) 9 e ~-f 

+ J 3 ) - 6 - 8 / 5 }-i x 

[12(6 + 8/S){ia - <r->) - I5C,a-» - 28j8Ci„a-i»j. (8) 

Let m be the mass of the molecule, and v its frequency of vibration when 
all the others are held in their equilibrium positions. Then from (8), 

j'* = (67r*wro*) “■^ot€{a(i p) — 6 — 8^}-^ X 

[12(6 + 8 i 3 )(Ja - a-i)e-««^-'l) -- (9) 

Let V be the mean frequency of the lattice vibrations. The total energy 
of a lattice of N molecules at 0° k., which we write as Nfpfz, is equal 
to the potential energy of the molecules at their equilibrium po^itions^ 

Lennard-Jones and Ingham, Proc. Roy, Soc. A, 1925, 107, 636. 

31* 
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together with ^hvN /2, the zero-point energy of the lattice vibrations. The 
mean frequency v is related to our v by a rather doubtful factor, which 
is, however, close to unity. We shall use the term ^hvNI2 only to estimate 
the effect of the zero-point energy on the lattice-spacing ; this is about 
0*05 A. for argon and 0-15 a. for neon. Thus we may replace * P by v. 
Hence 

0 = _ €{a(i -f. j8) - 6 - 8^3}-! 

[aCea-‘ + ajSCga-* - 12(6 -f 8j8)de-«(‘"-‘1)] + 3/lv. (lo) 

Under small pressures at 0° k., the value of a is determined by the con¬ 
dition of minimum energy : 


which from (9) and (10) reduces to 
X S 6Cea“7 -f- 8pc^a-^ - 12(6 + 8p)(e - -f 

{3h2{a(i + i3) - 6 - 8p]l8nhnr^^eoi}l 

[12(6 -f Sp)(^oL- a-i)e--«(^-i) - isCga-* - zSjgCioa-i®] X 
[l2oC8a“® 4* 28oj3Cio<7"^^ -{- 

12(6 4- Hp)(a-^ 4- aa-i - Ja®) e"" D] == o. (12) 

The theoretical energy of sublimation at 0° k. is 

Uo - (iV./2){a(i 4- jS) - 6 - 8 ) 3 }-! X 

[aCecr-« 4- OipC^a-^ - 12(6 4- 8 p) 0 e~ (13) 

where a is the solution of (12). The experimental value of Uo is tlie ob¬ 
served heat of sublimation together with the zero-point energy 9.V/c@„/8, 
where 0 j, is the experimental low-temperature value of the Debye char¬ 
acteristic temperature. 

Uo and R being known, for any assumed values of a and p one can 
calculate e from (13) as a function of a, and x then be found from (12). 
Inverse interpolation shows the value of a for which x = o, and then the 
corresponding e and Tq are found. It is convenient to deduce c and Vq 
from assumed simple values of a and p because this simplifies interpolation 
in the tables of second virial and Joule-Thomson coefficients. 

Although our rough calculation of ? has been used in finding the effect 
of the zero-point energy on the lattice-spacing, the zero-point energ}^ at 
the actual spacing is taken from the observed 9 j). This simple way to 
correct lattice-spacings for zero-point energy was put forward in an earlier 
paper (Comer ’), and Rice * has shown how this method can be refined 
to give the general equation of state of the sclid, in a form which is still 
easy to use. Rigorous, but more laborious, methods of calculating v 
and the equation of state of the solid have been used by Herzfeld and 
Gdppert-Mayer * and Kane.® 

For substances forming a face-centred cubic or hexagonal close-packed 
lattice, the expansion of the nearest-neighbour distance at 0° k. by this 
effect is approximately Angstroms, where M is the molecular 

weight and k. is the critical temperature. The form of this comes 
from (12) and the fact that € is proportional to (Lennard-Jones and 
Devonshire ^'), while the constant is chosen to fit the results for neon. 

The potential 

f(a) = (na~* — 6a"'”)/(w — 6) 

is also important, and as we shall make some use of this form we give the 
equations which determine € and to when Uo and i? are known: 

♦ This procedure would not be justifiable for helium or hydrogen, where 
the zero-point energy is a major contribution. 

Lennard-Jones and Devonshire, Proc, Roy, Soc, 1937, 163, 53. 
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X s C,o-' — C„o-"-* + 

[ 3 A*(i - i/«)/i6,r«m*»',»]l[4oC,a-* - (n - i)(« + 2)C.+ .<t-"-»] x 

[(« + l)C.+ .a—> - 5 C,a-’] = O.(I 2 A) 

t7« = iN€[«C,a-' - 6 C„o-»]/(»t - 6 ).( 13 A) 

(b) The Second Virial and Low-pressure Joule-Thomson Coefficients. 
—The equation of state of a gas at low densities can be written as 

pV == RT[i 4- B/V + 0 (V-^)] . . . (14) 

where V denotes molar volume and p and R have their usual meanings. 
The second virial coefficient B is a function of temperature only. B has 
the dimensions of a molar volume. It is usually measured in Amagat’s unit 
of volume equal to the volume of one mole at n.t.p., namely 22 4 1. The 
variation of this unit from one gas to another is for our purposes negligible. 
We shall follow the practice of Fowler and of Buckingham/^ taking B 
to be defined by (14), and given numerically in Amagat's units. 

The second virial coefficient from the potential (2)-(5) may be written 
as 

B-=2nn^, [F„(./kT) + (X/r„yF,{./kT)] . . (15) 

where Fq Fj are functions of a, ^ and e/kT which have been tabulated 
by Buckingham and Corner and is Avogadro’s number. Here A is 
defined by 

A2 == h^l2nfnkT .(16) 

The second term in (15) is a quantum correction, which arises because 
the probability of a configuration of potential energy E is not just pro¬ 
portional to exp (— EfkT) as in classical statistical mechanics (cp. Slater,^” 
Uhlenbeck and Gropper.^”, Wigner,^® Kirkwood*' and Uhlenbeck and 
Beth **). This is the only quantum correction which need be considered, 
except for helium at low temperatures. 

The tables of Fq and Fi refer to j5 — o and 0*2, and cover a from 12-5 
to 14-5 and €//c 7 " from 0*04 to o-8. The latter range starts at about the 
critical temperature, and reaches the highest temperatures at which 
second virial coefficients have been measured for neon and argon. 

Let /xq be the Joule-Thomson coefficient and Cp® the heat capacity per 
molecule, both extrapolated to zero density. From thermodynamics 
we have 

c„Vo = T^~^iBln,r) .(17) 

For the intermolecular potential (2)-(5) this result can be written 

- 2 nro\Go{€/kT) -j- (X/ro)^G,{./kT)] . . (18) 

where Go and Gj, which are functions of a, p and €/kT, have been tabulated 
by Buckingham and Corner for the same ranges of the variables as were 
Fo and Fi. The second term is the only quantum correction which need 
be included, except foi helium. 

Results for Neon. 

Values of the fundamental constants were taken from Birge.** The 
distance between nearest neighbours in the neon lattice at 0° k. is 3*20 a. 
(de Smedt, Keesom and Mooy **) and the heat of sublimation at 0° k., 

Slater, Physic. Rev,, 1931, 38, 237. 

Uhlenbeck and Gropper, ibid,, 1932, 41, 79. 

*® Wigner, ibid., 1932, 40, 749. Kirkwood, ibid., 1933. 44, 31. 

** Uhlenbeck, and Beth, Physica, 1936, 3, 729. ♦ 

Whitelaw, ibid., 1934, i, 749. 

** Birge, Rep. Progr. Physics, 1941, 8, 90 ; Rev. Mod. Physics, 1941, 13, 233. 
de Smedt, Keesom and Mooy, Leiden Comm., 203^ (1930)• 
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corrected for zero-point energy, is 589 cal./J^ol® (Keesom and Haantjes *•). 
For second virial coefficients there are the observations of Holborn and 
Otto from 65 to 673® k., and a set by Keesom and van Lammeren,** 
derived from measurements of velocity of sound, extending to as low as 
30° K. We have used the former data. The latter set are about 10 % 
smaller in the 60-80° K. zone which is common to the two sets. This 
arises from the indirect virial coefficients having been fitted to the virial 
data of Gath and Onnes at temperatures above 63° k. 

To find the best value of a we have minimised the root-mean-square 
deviation between theoretical and experimental values of R, taking these 
to have equal weight. The results are listed in Table II. It is possible 
to alter the " best " value of a by o*i or 0*2, for example, by giving equal 
weight to B/T instead of B as has sometimes been done. Thus differences 
of 0*1 in a are at present about the limit of significance in this subject. 

TABLE II.— Constants of Exponential Repulsion 
FOR Neon. 


a. 

ot . 

io>® e (ergs). 

ro (a.). 

0 

13-6 

5-12 

3-16 

0*2 

13*2 

5 *i« 

3* 16 

0*15 

13*3 

5*16 

3-16 


The values of c and r® vary so little with j8 that linear interpolation 
should be sufficiently accurate. Margenau has estimated that p = 0-15 
for neon, and the corresponding parameters are given in Table II. 

The residual differences between theoretical and experimental results 
are shown in Table III for the case p == 0-2. Effectively the same fit is 
obtained for the other two potentials of Table II. 

TABLE III. —Comparison of Theoretical and Experimental Second 
Virial Coefficients for Neon. 


T Ck.) 

Obs. H. and O. 

10* B in 
Amagat Units. 

Error froiu 

P =» 0-2 Potential 
of Table 11 . 

(20). 

f 

Buckingham 

(2l)-(22). 

05-1 

-935 

1 -30 

-44 

35 

90*5 

- 3 f '5 

2 

- 5 

39 

173*2 

288 

1 -*3 

- 5 

-13 

223*2 

406 

2 

15 

- 7 

273*2 

475 

I 8 

26 

- 8 

373*2 

529 

32 

56 

10 

473*2 

582 

14 

42 

— 12 

573*2 

614 

— I 

31 

-30 

673*2 

612 

8 

43 

— 22 

R.-m.-s. error . 


34 

23 


The quantum correction to the second virial coefficient is largest at 
low temperatures and reaches 5 % at 65° k., the lowest temperature used 
in our comparison. 

Keesom and Haantjes, Physica, 1935, 4 ^o- 

Holborn and Otto, Z. Physik, 1925, 33, i. 

Keesom and van Lammeren, Physica, 1934, *» 1161. 

Cath and Onnes, Leiden Comm., 156a (1923). 
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We have used also potentials of the type 

ii = _ €f(a) ; a — y/^o; f{<y) == (m — 6)~^(na~® — . (19) 

where n need not be an integer, e and can be evaluated from (12 a) 
and (13A). The classical second virial coefficient can then be found from 
the analytical solution of Leonard-Jones.® We have carried out this 
process with n = g, 12 and 15, adding the quantum correction tabulated 
by Buckingham and Corner for an exponential repulsion. By interpola¬ 
tion the most satisfactory index for the repulsive potential is n = 12-0, 
and for this case 

€ = 5*01 X lo-i® ergs ; — 3-16 a. . . . (20) 

The deviations from experiment, shown in Table III, are larger than the 
residuals when an exponential repulsion is used. The form (19) with 
« == 12 has found many applications because of its mathematical con¬ 
venience. The present results show that for neon it is also the best form 
with any inverse power to represent the repulsion, and that it is not greatly 
inferior to any potential with an exponential repulsion. 

The best potentials with exponential repulsion (and jS = 0-2) and inverse- 
power repulsion are shown in Fig. r, together with Buckingham's potential 



Fu;. I, —Interatomic potentials E{r) for neon. I is the best potential with 
cxpojicntial repulsion and p =- 0-2 ; II is (20), the best potential with 
inverse-power repulsion ; III is Buckingham’s result, (2i)-(22). 

for neon, which is 

E{y) — 2*57 X io“»e -^/«'235 _ 9 x . . (21) 

with ii in ergs and r the distance in Angstroms, for r between 2*6 and 
3*0 A., and 

E{r) = - 6-1 X io-«r-® - 8-8 x . . (22) 

at distances equal to, or greater than, the distance of next-nearest neigh¬ 
bours in the crystal. The potential drawn consists of (21) up to r = 4 
and (22) for r greater than 4-5 a. with a smooth interpolation between. 
This potential gives nearly the true interatomic distance and heat of 
sublimation at 0° k., and numerical integration has verified that there 
is good agreement with the observed virial coefficient (cp. Table III). 
This potential differs from those derived in the present paper by being 
smaller for distances greater than 3-8 a., and, to balance this, having a 
deeper minimum. The exponential repulsions have nearly the same 
slope. 
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The best potentials with jS = o and o-2 lie too close for both to be drawn 
on Fig. j without overcrowding. 

Bleick and Mayer » have made a theoretical calculation of the repulsion 
between neon atoms at distances from i*8 to 3-2 a. apart. The results 
could be represented by a potential 19 x 10-* e“»'/ 0'209 (y in a.). This is 
in fair agreement with the repulsive part of Buckingham’s potential, 
or with closely similar results : for example, the potential given in Table II 
for p = O'2 has a repulsion term which agrees with the theoretical potential 
for distances near 3*4 a., and differs by a factor of two-thirds at 2-7 a. 

Results for Argon. 

Here R, the lattice spacing at 0° k., is 3-81 a. (Simon and von Simson; 
de Smedt and Keesom 3 ^), and the heat of sublimation at 0° k., corrected 
for zero-point energy, is 2030 cal./mole (Born®*). The best second virial 
coefficients at temperatures down to — 100° c. appear to be those of 
Holborn and Otto.‘’ Roebuck and Ostcrberg ®® have measured the Joule- 
Thomson coefficient ♦ from 300° c. to below — 100° c., over a pressure- 
range which allows an accurate extrapolation to zero density. There 
are other virial data at temperatures down to 80° k. (Cath and Onnes ; ** 
van Itterbeek and van Paemel to which we shall refer later. The 
tables of Buckingham and Comer end at e/kT — 0*8, which for argon 
means a lower temperature limit of — 100° c. At lower temperatures 
it is necessary to do more numerical integration, and this is conveniently 
left till as much information as possible has been extracted from the data 
at higher temperatures. 

Eqn. (17) has been used to test the consistency of the Joule-Thomson 
and second virial coefficient, by Whitelaw’^ *® and Hirschfelder, Ewell and 
Roebuck,! the integrated form 

B/n,T = B(l\)lnoT, + c^TIT^ . . (23) 

where 7 \ is arbitrary. Neither (17) nor (23) provides a sensitive test. 
For in (17) there occurs a numerical differentiation of a curve represented 
by a set of experimental points, and the results of this process are not 
sufficiently reliable to show up other than gross errors in the Joule-Thomson 
coefficient. The uncertainty in (23) arises because the value of is 
at our disposal. The data of Roebuck and Ostcrberg have been used in 
(23), with 2 \ — 100° c., by Hirschfelder, Ewell and Roebuck,! and shown 
to give good agreement with the second virial coefficient from — ioo"c. 
to 400° c. Difficulties in fitting theoretical curves have led us to repeat 
this test with a ^0 increased by 7 % at — 100° c., unaltered at 0° c., with 
a smooth interpolation for the modification at intermediate temperatures. 
This actually improved the agreement between the two sides of (23). 

As with neon, the results of the analysis are not sensitive to the value 
of p assumed. We take first the case j 3 = 0-2. The best fit to the virial 
data occurs for a — 13*3. The agreement is good (Table IV). 

Table V shows the Joule-Thomson coefficient found by Roebuck 
and Ostcrberg, extrapolated to zero density, and the error in the theoretical 
values for a — 13*5. There is seen to be an increasing deviation at low 
temperatures. This occurs for all values of a and p, even for p increased 
several-fold over the expected value of 014 (Margenau !*). This is pre¬ 
cisely the behaviour reported by Hirschfelder, Ewell and Roebuck,! who 

♦ A correction to these results has been published by Roebuck and Ostcrberg.*® 
Simon and von Simson, Z. Physik, 1924, 25, 160. 

*! de Smedt and Keesom, Leiden Comm., 178& (1026). 

** Born, Ann. Physik, 1922, 69, 473. 

Roebuck and Ostcrberg, Physic. Rev., 1934, 4 ^* 7 ^ 5 - 

**Van Itterbeek and van Paemel, Physica, 1938, 5, 845. 

*® Roebuck and Ostcrberg, J. Chem. Physics, 1940, 8, 627. 
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used potentials of the form (19) with values of n between 9 and 15, without 
being able to reproduce the shape of the experimental curve. Our results 
show that the use of an exponential repulsion leads to little, if any, im¬ 
provement and if this lack of agreement is still to be attributed to a bad 

TABLE IV.—Theoretical and Observed Second Virial Coefficient 

(lo* B) for Argon. 


1 

T fK.). 

Obs., H. and 0. 

Error from 

p— 0-2, 
a - 13*3. 

0-2, 
a ^ I3-4- 

0“ *0 

H 

II li 

(27). 

Buckingham. 

173*2 

— 2871 

-51 

-35 

-27 

-36 

1 

267 

223*2 

— 1687 

3 

16 

20 

2 

253 

273*2 

- 986 

23 

33 

28 ! 

39 

238 

323*2 

- 492 

- 5 

4 

9 

14 

180 

373*2 

— 192 

20 

29 

33 

45 

178 

423*2 

52 

16 

25 

27 

42 

136 

473*2 

208 

40 

48 

51 

70 

!()(> 

573*2 

501 

0 

7 

12 

37 

122 

(>73*2 

683 

'-15 

— 9 

— 2 

1 

26 

99 

K.-m.-s. error 

25 

27 

27 

39 

igo 

1 


TABLE V. —Theoretical and Observed Joule-Thomson Coefficients 
at Low Pressure, for Argon ; in io“® degrees/atm. 


T rK.). 

Obs., H. and O. 

Error from 

p - o-a, 
a = I 3 - 5 - 

P -- 0 - 2 , 

A = 13-4. 

/J- 0. 

I 3 - 9 - 

(27). 

Buckingham. 

173*2 

805 

«3 

89 

83 

8 () 

O4 

i« 5*7 

782 

(>4 

(H) 

O4 

67 

43 

igH-2 

711 

49 

53 

50 

54 

29 

223*2 

59 « 

2 b 

30 

27 

31 

4 

248*2 

507 

13 

17 

15 

19 

— 12 

273*2 

432 

8 

11 

9 

13 

— 19 

298*2 I 

372 

3 

; 

i 

8 

-23 

323*2 j 

323 

__ 1 

1 i 

I 

4 

— 2 b 

348*2 

279 

— 2 

I 

0 

3 

— 26 

373*2 

243 

- 3 

— I 

— I 

2 

— 2 b 

398*2 

211 

- 3 

— I 

— I 

1 

-26 

423*2 

184 

- 4 

~ 2 

— 2 

0 

j —26 

473*2 

13S 

i - 4 

— 2 

- 3 

— I 

-24 

523*2 

98 

c 

1 2 

I 

3 

— 19 

573*2 

64 

5 

7 

6 

8 

-13 


form for the intermolecular potential, then most extensive changes must 
be made in this form. Before accepting this conclusion, which has not 
been suggested by any other experimental data, we may examine other 
possible explanations. 

The lattice-spacings at o*^ K. may be wrong, or our correction for the 
effect of zero-point ener^ on lattice-spacing may be more crude than 
expected. These suggestions can be tested together by using a different 
spacing. The whole correction for zero-point energy is only 0 05 a. ; 
the lattice distance itself was measured in two investigations (Simon and 
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von Simson ; de Smedt and Keesom which are in good agreement; 
a change of lattice-spacing by 0-05 a. is as large a shift as could plausibly 
be made. Nevertheless, it makes only a small improvement in the 
curvature of the theoretical Joule-Thomson coefficient and gives a slightly 
worse fit for the second virial coefficient. 

We have examined the effect of using Uq ~ 1700 cal./mole, instead 
of 2030 cal./mole. This removes most of the surplus curvature from the 
theoretical Joule-Thomson coefficient, at the expense of a considerably 
worse fit to the virial. Moreover, this change in Uq is much bigger than 
the possible experimental error. 

Another possibility which has been considered is that the experimental 
values of the Joule-Thomson coefficient may be too low in the region 
from — 100 to 0° c. As we have mentioned, the second virial coefficient 
cannot detect the suspected errors of a few %. The greatest uncertainty 
in the experimental values of the Joule-Thomson coefficient occurs at 
temperatures below 0° c., where there were difficulties due to clogging of 
the porous plug and to the rapid variation of with temperature. 
A systematic error in the Joule-Thomson coefficient, rising to a few % 
at ~ 100° c., appears to be possible, though this would be rather larger 
than expected.* We think, therefore, that the discrepancy^ between 
theoretical and observed Joule-Thomson coefficients is due mainly to 
the experimental results being a few % too small at the lowest tem¬ 
peratures. 

Omitting results below 0° c., the best fit to the Joule-Thomson co¬ 
efficient is given by a = 13*5. The best fit to second virial and Joule- 
Thomson data together occurs for a — 13-4. This is with p ~ 0-2. The 
other parameters are then 

€ =rz 1-72 X 10-^^ ergs ; ro — 3-87 a. . . . (24) 

The corresponding results for p — o are 

a “ 13-9 ; € — 1-70 X lo-i* ergs ; Vq ~ 3-87 a. . (25) 

The agreement with experiment is almost the same with both values of 
p, the relative magnitude of the dipole-quadrupole forces, and demon¬ 
strates that these observations arc unlikely ever to determine jS. With 
Margenau’s estimate of 014 for argon, linear interpolation leads to 

a = 13-5 ; € = 1-72 X 10-^* ergs ; rp - 3-87 A. . . (26) 

It is of interest to carry out this programme also for potentials which 
have an inverse power to represent the repulsion. We have used (19) 
with n — g, 12 and 15, taking the classical second virial coefficient from 
Lennard-Jones,® the Joule-Thomson coefficient from Hirschfelder, Ewell 
and Roebuck,^ and the small quantum corrections from the computations 
with exponential repulsions. All the potentials were adjusted to give 
R — 3-81 A. and I/© — 2030 cal./mole. The best fit to the second virial 
and Joule-Thomson coefficients separately occurs for n about 12*1 and 
I2’5 ; the best potential therefore appears to have n — 12*3, with 

€ = 1-66 X lo-i* ergs ; = 3-87 A. . , (27) 

The fit obtained is shown in Tables IV and V. Comparison with the 
best potentials with exponential repulsion shows that the latter is better 
than any inverse power, but the improvement is not very large. The 
inverse power has advantages of convenience in many applications, and 
our results show that in such cases it can be used without fear of any 
substantial loss of accuracy. The index, 12-3, is so close to 12 (which 
is an especially convenient figure) that the difference is hardly worth 
retention. The other constants of the interaction become, with n == 12 

€ — 1*647 X ^rgs ; Vq == 3*87 A. . . (28) 

* 1 am indebted to Prof. J. R. Roebuck for a helpful discussion of the 
possible errors. 
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The agreement between the values of a (or n) and p for neon and argon 
shows that these substances should obey the principle of corresponding 
states, except for quantum deviations due to the difference of atomic 
weight. 

The second virial coefficient of argon has been measured to as low as 
8o° K. by Cath and Onnes ** and van Itterbeek and van Paemel,®® who 
used, respectively, the temperature scales of thermometers filled with 
argon and helium, and the velocity of sound in argon. The results are 



Fig. 2.— The second virial coefficient of argon at low temperatures. Curves 
I and 11 were found by van Itterbeek and van PaemeP* from the velocity 
of sound,the boundary conditions above 150 k. being taken from : I, Hol- 
born and Otto ; IT, Onnes and Crommelin.^® Ill is the experimental result 
of Cath and Onnes.*® Theoretical values from the intermolecular potential 
(24) are shown as circles at 80, 100 and 130^^ k. 

plotted in Fig. 2, together with three values computed from (24). Prob¬ 
ably the best experimental curve is I of the diagram, which is furthest 
removed from the theoretical results. The sign of the difference shows 
that the potential (24) has too big an attraction at large distances, and 
the true energy must have a correspondingly deeper minimum. The 
experimental results at low temperatures were not used to fix the best 
potential because of the labour of computing the theoretical integrals 
at large values of e/ZcT, which for argon is about 1-5 at 80^ k. However, 
Fig. 2 makes it clear that even curve I would have made little difference 
to the best values of the parameters in the interatomic potential. Even 
as low as 80° k. the quantum correction does not rise above i %. 

Fig. 3 shows two of the three potentials derived above : the best 
potential with exponential repulsion and = 0*2 (eqn. (24)) and the 
best potential with an inverse power repulsion (27). There are no large 
differences between these curves. The potential for jS = o is too close 
to that for j 3 = 0 2 to be shown clearly. 

In Fig. 4 are compared our result (24), the curves found by Rice ® 
from properties of the solid state, and the potential obtained by Bucking¬ 
ham from an analysis of the second virial coefficient : 

E[r) == I’bg x io~®e “»'/^’273 _ j.02 x ergs 

(with distance in Angstroms) for r between 3-4 and 3-6 a. We have drawn 
this potential up to r = 4*5 a. Buckingham used his theoretical fbrmulae 


*• Onnes and Crommelin, Leiden Comm., iiSb (1910). 
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for the and r-® potentials for second and more distant neighbours, 
that is, for r greater than 5-3 a. ; we have followed this down to r = 5 a., 
with a smooth curve in the transition zone. This gives nearly the right 



Fig. 3. —Interatomic potentials E(r) for argon : I is (27), the best potential of 
the type (19) with the short-range repulsion represented by an inverse power 
of the distance ; II is (24), the best with exponential repulsion and j8 — 0*2. 
Both these potentials give the observed lattice-spacing and heat of sublimation 
at o” K. 


heat of sublimation and lattice-spacing at 0° k. We have computed the 
second virial and Joule-Thomson coefficients for this potential (Tables 
IV and V). The large difierence between theory and experiment arises 



Fig. 4.—Interatomic potentials E{r) for argon : I is Buckingham's potential 
with exponential repulsion ; II is (24), our best potential with exponential 
repulsion and = 0*2 ; III are potentials found by Rice. 

from the use of the theoretical attraction down to r — 5 a., that is, into 
a region which has a considerable effect on the theoretical second virial 
coefficient. Buckingham’s potential differs from our result (24) by being 
numerically smaller at large distances, with a deeper minimum at slightly 
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smaller interatomic distance. These are changes in the same direction 
as indicated by the virial data at the lowest temperatures. It can be 
concluded that it is very unlikely that the true potential lies outside the 
zone bounded by curves I and II m Fig. 4. 

Rice derived his potential from the heat capacity and equation of 
state of solid argon, assisted by an approximate integration of the second 
virial coefficient, and the potential is accordingly also a set of segments. 
The two potentials shown in Fig. 4 were obtained from different assump¬ 
tions about disorder in the solid. Both curves differ considerably from 
our potentials, in the same way as do Buckingham's results but by a 
larger amount. 

I am indebted to Prof. Sir John Leonard-Jones, F.R.S., for his en¬ 
couragement of this work, to Prof. E. A. Guggenheim, F.R.S., for helpful 
criticism, and to the Chief Scientist, Ministry of Supply, for permission 
to publish this paper. 

Summary. 

The determination of intermolecular potentials from second virial and Joule- 
Thomson coefficients leads to unambiguous results only when supplemented by 
comparison with cr^^stal properties. It is shown that there are advantages in 
using the latter properties from the start of the analysis. The process has been 
applied to neon and argon, with repulsive potentials represented by inverse 
powers and exponential functions of the di.stance between the molecular centres. 
The inclusion of a small attractive potential proportional to as an addition 
to the normal r ® potential has very little effect on the shape of the best potential. 
The results have been compared with previous work on the properties of the 
solid and gaseous states of these substances. 

Armament Research Depattment, 

Ministry of Supply. 


SOME PHYSICAL PROPERTIES OF URANIUM 
HEXAFLUORIDE 

By C. B, Amphlett,* L. W. Mullingek (in part), 

AND L. F. Thomas (in part). 

Received 1st April, 1948. 

Very few physical data are available concerning UF^, although this 
compound has been known for many years.^ This is probably due to the 
experimental difficulties encountered in preparing and handling pure 
specimens of the material, which is highly corrosive in the presence of 
moisture and fluorinates many materials with the formation of the rela¬ 
tively inert tetrafluoride IJF4, However, UFe, purified as described 
below, may be stored in evacuated glass vessels for long periods without 
deterioration and without attack on the glass, provided that the vessels 
have been evacuated to a pressure of the order of 10 mm. and thoroughly 
baked to remove moisture. The pure compound is easily handled b}^ 
high-vacuum distillation in all-glass apparatus. 

1. The Purification of UF^. 

Impurities likely to be present in samples of UF* prepared by the 
fiuorination of uranium oxides or chlorides are HF, F* and SiF4, the 
last arising from the action of HF upon glass vessels used for storage. In 

♦ Present address, A.E.R.E., Harwell, Berks. 

^ Ruff and Heinzelmann, Ber., 1909, 42, 495. 
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addition, samples containing moisture will be contaminated with uranyl 
fluoride, but as this is non-volatile it remains behind on vacuum distilla¬ 
tion. Samples of UF. were obtained * in P5n‘ex vessels fitted with thin 
septa which could be broken by means of a magnetically-operated breaker. 
All manipulations were carried out in an apparatus of Pyrex glass which 
had been thoroughly degassed by flaming at a pressure of lo-® mm. 
(measured on a McLeod gauge). Moisture must be rigidly excluded from 
the system, as the presence of the minutest trace leads to the rapid 
accumulation of impurities by the sequence of reactions shown below : 

UF« 4- 2H2O UOaFa + 4HF 
4HF + SiOa (glass) -> SiF4 + 2H2O, etc. 

The sample vessel was opened at liquid-air temperature ; fluorine was 
swept out with dry air and removed by evacuation through mercury 
traps, the mercury rapidly becoming coated with a fluoride layer. The 
sample was then distilled at room temperature and 10 mm. on to a.r. 
KF at liquid-air temperature and allowed to remain in contact with the 
reagent for several days at room temperature to remove HF ; since KF 
is appreciably hygroscopic, thorough baking is necessary during evacu¬ 
ation to remove moisture and ensure that no decomposition of UFg 
occurs. If moisture is not completely removed, the reagent rapidly 
develops a yellow colour due to the formation of UO2F2. After removal 
of HF, the sample was distilled at room temperature from the KF to 
a second vessel cooled in a COg-alcohol bath to — 30*^ c., while connected 
to the pumps via a trap cooled in liquid air. The latter trap was found 
to contain, in addition to some UF^, a white solid which volatilised com¬ 
pletely at a very low temperature, and which contained both silicon and 
fluorine. Although this was not analysed, it appears reasonable to assume 
that it was SiF4. Consideration of the va]X)ur pressure curve for SiF4 ® 
shows that the final distillation at — 30^" c. should completely remove 
this impurity. 

Samples of UF# purified by this method and sealed in glass containers 
consisted of lustrous, transparent crystals with a pale yellow tint in trans¬ 
mitted light. No attack on Pyrex glass was observed over very long 
periods, and the rate of attack on Apiezon greases was sufficiently slow 
for experiments to be carried out in apparatus containing greased stop¬ 
cocks. 

When distilling appreciable quantities of IJFe (greater than 10 g.) 
it was found advantageous to use cooled vessels of the Dewar type, i.e. 
with the cooling liquid in an inner concentric finger, rather than the con¬ 
ventional type of concentric cold trap immersed in a cooling bath. With 
the latter type, the rapid expansion of solid UFg on warming up to room 
temperature is capable of breaking the trap, with release of toxic fumes 
and loss of the sample. With the type used, expansion merely causes 
the solid to break away from the cold finger and drop to the bottom of 
the vessel. 

II. The Vapour Pressure and Vapour Density of UF^. 

The vapour pressure of solid UF, was determined at temperatures up 
to the sublimation point by a null method, the deflection produced in a 
quartz spiral manometer being balanced by the admission of dry air, 
the balancing pressure being read on a mercury manometer. Deter¬ 
minations of the vapour density were made by direct weighing of a known 
volume of vapour at a given temperature and pressure. In addition the 
density-pressure relationship of a sample of unsaturated vapour was 
investigated at a fixed temperature. 

* Supplied by Messrs. I.C.I. Ltd., Widnes. 

2 Patnode and Papish, /. Physic. Chem., 193O1 34 » i 494 - 

® Ruff and Ascher, Z. anorg. Chem., 1931, I 96 t 4 i 3 - 
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Experimental. 

Determinations were carried out in the apparatus shown in Fig. 1. A sample 



Fig. I. —Diagram of apparatus used for determination of vapour density and 
vapour pressure of UFg. 

of purified IJF^ was distilled into the bulb C at ~ 50"^ c., after which the cooling 
liquid was run out from the annular space and the sample isolated by means 
of Tj and Tg. This section of the apparatus was completely enclosed in a large, 
well-lagged water bath, which could be heated to 60® c. by immersion heaters. 
The bath was not thermostatically controlled, but by efficient stirring and careful 
control of the heaters it was found possible to maintain any temperature within 
the range 0-60® to within :j- 0*5® c. over long periods. After opening Tj, the 
sample was allowed to exert its saturated vapour pressure at a series of tem¬ 
peratures up to the sublimation point, the temperature being maintained con¬ 
stant until the system was in equilibrium. The gauge G consisted of a quartz 
spiral fitted with a mirror and bifilar suspension, the movement being damped 
in Apiezon oil B. The gauge was used with a lamp and scale at distances of 
340 cm. and 200 cm. respectively, and preliminary measurements indicated a 
sensitivity of 46 mm. deflection per mm. Hg excess pressure applied to one side 
of the gauge. The zero of the gauge remained constant over the w'hole pressure 
range, and was unaffected by the necessary manipulations, all parts of the ap¬ 
paratus being firmly clamped. When equilibrium had been attained and the 
light spot showed no further drift, dry air was admitted until the spot returned 
to the zero position ; the time taken to reach equilibrium was usually about 
J-i hr. In practice, the light spot was always maintained slightly on the low- 
pressure side of the zero position by repeated addition of small volumes of air 
while the pressure in the system was increasing; the gauge was then never 
deflected lar from its zero position, and errors due to permanent strains in the 
gauge were avoided. Using a mercury manometer of 12 mm. internal diameter, 
the values of the balancing pressure are considered to be correct to ± 0*5 mm. Hg. 

The vapour density was found by direct weighing in bulb B. After attain¬ 
ment of equilibrium at a chosen temperature, the pressure was measured and 
the sample isolated by closing T4. UF, was then removed from the rest of the 
line, air was admitted and the bulb swung out of the bath by rotating A about 
a horizontal axis. B was then removed, cleaned and polished, and weighed 
against a counterpoise of approximately the same volume and dimensions, 
the evacuated bulb having been weighed previously. Preliminary experiments 
with the bulb evacuated showed that it was possible to carry out this*Sequence 
of operations several times in succession without appreciably affecting the 
recorded mass of the bulb. The volume of the bulb (including the bore of T4) 
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was found by weighing it after evacuation and when filled with water at a known 
temperature, care being taken to remove all air-bubbles by evacuation. 

The density of unsaturated vapour as a function of pressure at ^ 50® c. 
was found by the same method, except that while heating to 50® the sample in 
C was isolated at some suitable temperature below 50® by closing T^, so that 
on further heating the vapour in the remainder of the system became unsaturated. 

Two bulbs were used throughout this work, one of approximately 130 cc. 
capacity and the other of 270 cc. Standard procedures were adopted for cleaning 
and polishing the bulb and counterpoise ; they were left in the balance case for 
I hr. before weighing, the difference in their masses attaining a constant value 
in this time. The masses of vapour recorded varied from 0*3 g. to 2 g., and 
were determined to o*ooi g. In the volume calibration, the mass of water was 
measured to 0*05 g,, the actual masses being of the order of 150 g. and 300 g. 
for the two bulbs. With the masses and pressures involved it appears reason¬ 
able to claim an accuracy of ± i % for the vapour density figures at room tem¬ 
perature, and considerably bettor for those at 50® c. 

Throughout this work, all stopcocks within the water-bath were lubricated 
with Apiezon grease L below 30® c. and with a special high-temperature grease, 
supplied by Messrs. W. Edwards, above 30® c. Apiezon 1 / was used for all 
other stopcocks, the rate of attack by pure UFg being relatively slow. 


Results. 

The results arc presented in Tables I-III and in Fig. 2 and 3. All pressures 
have been reduced to mm. Hg. at o® c. The vapour pressure figures are single 
determinations made on a rising temperature scale. 


TABLE I.— Vapour Pressure of Solid UF* from 12 to 30® c. 


T ^ k . 

p , mm. Hg at o®c. 

t*og|of>inin. 

io>/T^k. 

f>calc. (mm.Hg). 

aSS’S 

45*3 

1*6561 

3*502 

45*9 

287-3 

52*0 

. 1*7160 

3-480 

52*2 

287-5 

52*5 

1*7202 

3*477 

53*2 

287-7 

53*6 

1*7292 

3*475 

53*9 

288*0 

54*4 

i- 735 f> 

3*472 

54 *» 

290*6 

66*1 

1*8202 

3*442 

b 5*3 

293*4 

80*8 

1*9074 

3*408 

80*4 

298*1 

113*5 

2*0550 

3*355 

110*7 

302*5 

T 4<?*5 

2*1747 

3*306 

1 147*9 

308-3 

216*8 

2-3361 

3*243 

1 215*3 

323-2 

521*0 

2*7168 

3*094 

521-2 


TABLE II.— Vapour Density of UF,. 


] 

("c. 

1 

p, nun. Hg 
at o“c. 

1 

Volume of Bulb, 
cc. 

Mass of Vapour, 
g- 

Density 

Molecular 

Weight 

(0«i6.) 

14*1 

52*0 

271*0 

0*279 

176 

355 


54*4 

271*0 

0*293 

178 

357 

17*4 

66*1 

270*8 

0-347 

174 

352 

29*7 

157*5 

126*4 

0-369 

174 

352 

mmm 

521*0 


2-488 

176 

355 


419*0 


1-987 

175 

353 

nn 

392-1 


1-854 

174 

352 
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TABLE III. —^Variation of Density with Pressure at 49‘2° c. 


p, mm. Hg at 
o®c. 

Volume of Bulb, 
cc. 

Mass of Vapour, 
g- 

10 ®P. g-/cc. 

dyne/cm.* 

523*0 

130-7 

1-178 

9 *oi6 

7*006 

470-0 

130-7 

1*061 

8-iiq 

6*296 

424-0 

130-7 

0*946 

7*240 

5*701 

37 «*o 

130-7 

0-847 

6*482 

5*058 

316-0 

130-7 

0*692 

5*295 

4*235 

250*3 

130-7 

0*550 

4*278 

3 * 4^9 

213*3 

130-7 

0*474 

3*627 

2*854 

186-4 

i 

130-7 1 

0*409 

3*130 

2*527 
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Discussion. 

The values of p and T quoted in Table I conform approximately to 
the linear relationship 

2*5Q2 

logio^mm. = 1074-(Fig. 2) 

The values of ^caic. quoted in the last column of Table I are obtained 
from this equation. The values of the latent heat of sublimation and of 
the sublimation temperature at atmospheric pressure obtained from this 
equation arc : 

Lg = 11-82 rh O'l kcal. mcle“^ 

= 56-7 ± 0-5° c. at 760 mm. Hg. 

The justification for extrapolating the curve to the sublimation point is 
provided by earlier unquoted results * obtained with a Bourdon-type 
gauge which was subsequently found to possess a consistent error due to 
overstrain. Although the earlier figures themselves are not of any 
significance, a log p-ijr plot shows that they obey a linear relation¬ 
ship over the range 0-56° c. 

The arithmetic mean observed values of the molecular weight of the 
vapour at room temperature and at 50“ c. are : 

M — 355 ± 3 at room temperature ; 

^ — 353*3 ± I at 50° c. (theoretical UFe — 352-8). 

The absolute values of p and P obey a linear relationship (Fig. 3), 
the slope of the line being given by 

■ (^-32 ± 0 - 01 X 10 -’.) 

The theoretical value of this quantity, assuming that the vapour obeys 
the simple gas laws, is 1*313 x 10 

The only published results on the vapour pressure and vapour den¬ 
sity of UFg are those of Ruff and Heinzelmann,® who obtained five values 
for the former over the range 37-57° c., and two values of the vapour 
density at 448° c. From the log p-ijT curve they derived extrapolated 
values of the vapour pressure at 0°, 20*^ and 56^^ c., and a mean value for 
Ls of 10-36 kcal. mole-^; a value of 338 was obtained for the molecular 
weight of the vapour. We consider that these results are open to doubt 
for the following reasons. Firstly, the methods used, viz. that of Smith 

TABLE IV. 

Vapour Pressure of UF, according to Ruff and Heinzelmann.*^ 



P, nun. Hg. 

•ogio/>inm. 

io»/r“K. 

37 j 

298*2 

2*4745 

3.223 

41 

406*1 

2*6086 

3*183 

45 

410*1 

2*6129 

3*143 

48 

521*2 

2*7170 

3*113 

56-2 

764-6 

2*8834 

3*032 


and Menzies,” for the vapour pressure and that of Victor Meyer for the 
vapour density, do net readily lend themselves to determinations on a 
material which is highly reactive and sensitive to traces of moisture. 

^ Amphlett, Thesis (Birmingham, 1944). 

® Ruff and Heinzelmann, Z. anorg. Chem., 1911, 72, 63. 

« Smith and Menzies, J. Amer. Chem. Soc., 1910, 32, 907. 
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Secondly, it is not clear that Ruff's material was free from HF. Finally, 
the agreement between the two vapour density figures is poor, these giving 
values of 327 and 349 for the molecular weight ; in addition, the vapour 
pressures (which are quoted in Table IV) do not give a simple relation¬ 
ship between log,o/) and i/T° k. The extent to which the values of 
logio/> and i/r deviate from a linear relationship may be seen from the 
figures quoted by the above authors for Ls over the above range, viz. 
9*420 kcal. mole-^ (37-42° c.), 10*220 (42-47'' c.), 10*330 (47-52° c.) and 
10*550 (52-57° c.). No evidence was obtained in the present work of 
such a wide variation of Lh with temperature or of the existence of any 
transition point within the range 0-56° c. 

We therefore conclude that the results quoted in this section are more 
reliable than the earlier figures and that they indicate that, within the 
range of these experiments, the behaviour of the vapour of UFg does not 
deviate appreciably from that predicted by the simple gas laws. The 
vapour density measurements appear to indicate that at ordinary tem¬ 
peratures the vapour consi.sts of single, undissociated UFg molecules. 

III. The Dielectric Constant of UF^ Vapour. 

The dielectric constant of UF^ was measured by the heterodyne beat 
method, which has been developed for the study of dipole moments in 
the vapour phase.’ - ® By employing two oscillators of high frequency, 

a very small change in the frequency of one oscillator (produced by the 
change in capacity when the dielectric is withdrawn from a condenser 
within the tuned circuit) appears as a measurable change in the frequency 
of the beat produced when the outputs of the two oscillators are mixed. 
This capacity change may be balanced by the introduction of a known 
capacity into the variable oscillator until the beat frequency is restored 
to its original value. Variations in the beat frequency are detected by 
feeding the output to one pair of plates of a cathode ray tube, using the 
mains frequency of 50 c./sec. as a time-base to produce simple Lissajous 
figures, from which the frequency of the beat may be determined. 

Experimental. 

The condenser cell used to contain the dielectric was that described by 
Groves,® with suitable modifications to enable it to be sealed after filling with 
UFg vapour. The dielectric was removed from the cell by condensation in a 
side-tube cooled in liquid air, and the resulting capacity change was then balanced 
by adjustment of a precision variable condenser (Groves, loc. cit.) connected in 
parallel with the cell in the tuned circuit of one of the h.f. oscillators. The 
capacity change was then compared wdth that produced by the withdrawal 
of an equal pressure of pure, dry CO^ gas, w^hich was used as a standard. The 
figures obtained w'ere corrected for tlie frequency drift of the oscillator during 
the period between the tw*o readings (see below) ; a standardised procedure was 
adopted for making measurements so that this correction could be applied. 
From the ratio of the two capacity changes the dielectric constant of UFg can 
easily be found. 

The cell was filled with HFa vapour at its saturated vapour pressure under 
room temperature conditions by connecting to a supplv of pure UF, and allow¬ 
ing 48 hr. for equilibrium to be established before sealing off. Carbon dioxide 
was prepared by heating a.r, NaHCOg in an apparatus which had been evacuated 
and flushed several times with CO, ; the gas was dried over PjO^, condensed 
at — 180° c. and then vaporised at — 78® c. to remove the last traces of water. 
Results obtained at room temperature and at 207® c. with CO, prepared by this 
method w'ere identical, indicating the absence of water vapour from the gas. 
Before filling cither with CO, or with UF,, the cell was evacuated to io~® mm. Hg 
while heated to 200'' c. ; the construction of the cell did not permit it to be heated 
to higher temperatures. 

’ Zahn, Physic. Rev., 1924, 24, 400. 

* Watson, et al., Proc. Roy. Soc. A, 1934, *43» 558. 

® Groves, J. Chem. Soc., 1939, 1144. 
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The precision variable condenser described by Groves • was fitted with a 
micrometer head which could be read to lo"** mm. The capacity variation was 
given as 0*1862 /i/iF./mm., so that capacity changes as low as 2 x io~* fifiv, 
could be detected. Since AC is linearly proportional to the traverse on the con¬ 
denser, the latter may be used as a measure of the capacity change (AC) in compar¬ 
ative methods of this kind. 

The Beat Frequency Oscillator. —^This consisted of two component oscil¬ 
lators of approximately 2 me./sec. frequency, beating to produce a frequency of 50 
c./sec., which was then fed to the cathode-ray tube. Modified Hartley oscillators 
were used ; the circuit design and construction are described in detail elsewhere.^ 
The following precautions were taken to minimise various sources of instability 
which may arise in oscillator circuits. 

(i) Mains fluctuations were smoothed through a constant voltage transformer 
unit. 

(ii) Small thermal and vibration-induced capacity changes were reduced 
by adopting a very rigid construction, connections being made with the minimum 
length of stout wire, with ample support; in many cases, connections were made 
with threaded rods. 

(iii) Load on the oscillator valves due to external circuits was minimised by 
the use of electron-coupling to the mixing valve.'® 

(iv) Careful screening of the oscillators from one another and from the mixing 
circuit made it possible to obtain stable beats of frequencies as low as 3 c./sec. 
from 2 me./sec. without forced oscillations. 

(v) Temperature effects on the inductance and capacity of the tuned circuits 
w*ere minimised by using high-grade silvered ceramic condensers and .specially 
constructed coils. The ideal t}q)e of coil is one in which the metal winding is 
deposited in grooves cut into the coil former, since there can then be no differ¬ 
ential thermal effects between the coil winding and former. Silica and ceramic 
formers have been used for this purpose," but in these determinations a I’yrex 
former was used, using tubing free from flaws and air bubbles. A spiral groove 
was etched with HF, and the whole of the surface was then coated with several 
layers of a colloidal silver preparation ♦ ; silver was then removed from the 
level surface of the tube, leaving a thin layer of silver in the groove. This was 
electroplated with copper, giving a coil to w’hich connections could be soldered 
directly. The coils used had an inductance of ^ 30 and a l.f. resistance 
of 2*5 Q. 

The stability of the beat was tested over long periods with both air and 
COj in the cell, and also with the oscillator alone ; in these tests the frequency 
drift was followed b> measuring the capacity change necessar}^ to maintain the 
selected Lissajous fi^re on the screen. The circle was chosen as the standard 
figure, corresponding to an output frequency of 50 c./sec. This procedure w'as 
also followed during determinations for calculating the drift rates to be applied 
during the period when the dielectric w'as removed from the cell, the drift being 
measured over long periods before and after the removal. It was found that, 
once the oscillator had warmed up, the drift rate was small, fairly uniform, and 
alw'ays in the same direction. For example, the mean drift rate over a period 
of 3J hr. was 0*005 mm./min. ; during most of this time the variation from the 
mean was no greater than ± 0*0005 mm./min., with a maximum variation of 
± 0*002 mm./min. Observations were made at 2 min.-intervals over the entire 
period, wdth the screen under constant observation, so that any short-period 
fluctuations would have been observed. The mean drift of 0*005 mm,/min. 
corresponds to a capacity change of 9*31 x io“* /x/xF./min., which is small com¬ 
pared with the capacity change when the dielectric is withdrawn. 

Results. 

If the mean traverses corrected to one atmosphere are respectively x and x' 
for CO, and for UF„ allowing for the difference between the temperature of 
filling and that of the determination, then 

€' - I AC' at' 

■ 731 =AC 

* “ Liquid Burnish Silver,” supplied by Messrs. Johnson Matthey, Ltd. 

Dow, Proc. Inst. Radio Eng., 1931, 19 , 2095. 

" See, for example, H. A. Thomas, Theory and Design of Valve Oscillators 
(Chapman and Hall, 1939), ch. 6 and 9. 
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The dielectric constant of CO, has been repeatedly detennined as an ab¬ 
solute measurement; following Le F6vre and Russell we take the mean of 
three relatively recent values as c ~ 1*000905 at 25° c. and 760 mm. 

Assuming that the temperature coefficient of e may be neglected over the range 

TABLE V.— Cell Filled with CO, at 28° c. and 570 mm. Hg. 


Tc. 

Traverse 

(mm.) 

Drift Rate 
(mm./min.) 

Time* 

(min.) 

Corrected Traverse 
(ram.) 

19 

0-374 

-f 0*002 

I 

0-376 


0-376 

0*002 

I 

0-378 


0-375 

0*002 

I 

0-377 


0-373 

0*006 

I 

0-370 


0-375 

0*003 

1 

0-378 


0-374 

0*005 

1 

I 

0-370 

207 

0*379 

0*002 

If 

0*382 


* Time between last reading with dielectric in cell and first reading after 
freezing out. 

Mean corrected traverse for 570 mm. CO, -- 0*378 Jr 0*001 mm. 


TABLE VI.— Cell Filled with UFg V^vpour at 16° c. ; Pressure 58 mm. 


Cc 

Traverse 

(nun.) 

Drift Rate 
(mm./nun.) 

Time 

(min.) 

Corrected Traverse 

1 (tnm.) 

19-3 

0*160 

J' 0*006 

1 

0*166 

19*5 

0*158 

0*005 

if 

0*166 

19*8 

0*171 

0*003 

I 

0*174 

20*0 

o* 172 

0*003 

I 

0*175 


^Mean corrected traverse for 58 mm. UF, = 0*170 ± 0*005 mm. 


19-25® c., the value of c' at 19*6® c. and 760 mm. is 1*0038. The error cor¬ 
responding to a variation of d: 0*005 nim. in the traverse is J: 0*0001 unit, 
hence 

1*0038 -i 0*0001 at 19*0® c. and 760 mm. 

The total polarisation may be obtained from the Clausius-Mosotti relationship, 
viz. 


€ ~ 1 M c — I RT , ^ 

tP “ —r— • — - • - " 30*7 ±1*0 cc. at T()*6° c. and 760 mm. 

€ -\ 2 p ^ p ^ 


TABLE VII. 


Gas. 


(e—l)XnA 

i 

J.P cc. 

Refen'nce. 

UF, . 

19*6 

3-8 

30-7 


SF, . 

19-2 

2*108 


15 


25 

2*049 

16-51 

8 


27-5 

— 

t6*8 

lb 

SeF, . 

20 

2*481 

— 

15 

TeF, . 

18*9 

3*020 

— 

15 

SiF, 

25 

1*702 

13*78 

8 


Le Fevre and Russell, Trans. Faraday Soc., 1947, 43, 380. 
Stuart, Z. Physik, 1928, 47, 457. 

^^McAlpine and Smyth, J. Amer. Chem. Soc., 1933, 55 » 453 - 
Linke, Z. physik. Chem. B, 1941, 48, 193. 

Fnn<;s- T. Ame.r. Chem. Soc.. to^8. 60. 
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There are no previously determined values for UF* with which to compare 
these figures ; jP is seen to be large, as is usually found in large molecules. A 
comparison with published data on other hexafluorides shows (c — i) to be of 
the same order, although j'P is greater ; Table VI I compares the values for UF, 
with those for the hexafluorides of the sulphur group, SiF4 being also included. 
All values are at 760 mm. 

It was intended to extend this work over a range of pressures and temper¬ 
atures, but a serious accident to the gas cell and shortage of time prevented this 
aim from being realised. It appears unlikely, however, that UF® would possess 
a dipole moment, as the molecule would be expected to possess octahedral sym¬ 
metry. 


IV. The Ultra-Violet Absorption of UF5 Vapour. 

The experiments described below were made with a view to obtaining 
a qualitative picture of the absorption of UFg vapour between 2000 and 
4000 A., and should be regarded as being of a preliminary nature. 

Experimental. 

Two cells were used, a 15 cm. Pyrex cell with silica windows and a 5 cm, 
cell of fu.sed silica. A sample of pure UFg was contained in a small bulb attached 
to the cell by a T-piece ; by varying the temperature of the sample within this 
bulb the concentration of vapour in the cell could be varied. All subsequent 
references to temperature refer to this bulb. Exposures were made on a Hilger 
medium quartz spectrograph, with a hydrogen lamp as source and a copper arc 
for producing reference lines of known wavelengths. The hydrogen lamp has 
been described by Martin and Gull.^^ The slit dimensions were 2 x 0*025 mm. 
Ilford Ordinary plates were u.sed, and were developed for 3 min. in total darkness, 
using standard MQ developer. 

Photometry of the spectra was carried out with the recording microphoto- 
metcr and method described by Martin and Gull (loc. cit.). In this method, 
a .series of blank exposures is made with the cell empty (by cooling the bulb in 
liquid air), the exposure times being calculated to correspond to a series of rela¬ 
tive values of the extinction coefficient. If the latter quantity be represented 
by k, it can be shown that 

kl = p (log - log t^), 

where I is the length of the absorbing medium, is a con.stant depending on the 
plate and method of development, and q and are the exposures with the 
absorbing medium and with the empty cell re.spectively. Since /, t, and p remain 
con.stant, exposures corresponding to a .series of relative values of k may be ob¬ 
tained by choosing suitable values of These are also recorded on the micro- 
photometer, giving a series of lines crossing the absorption spectrum. The lines 
of the arc are also recorded, with the galvanometer shunted to reduce its swing. 

Results. 

Several plates were exposed, using both cells and varying the vapour con¬ 
centration in the cell. The spectrum appears to be completely continuous, 
with no evidence of edges or other discontinuous structure. With concentra¬ 
tions of UFg vapour corresponding to its saturation vapour pressure at room 
temperature, absorption is complete below /-^3ioo a., but transmission may be 
extended to .shorter wavelengths by reducing the pressure in the cell. Although 
the photometer records obtained with both cells were in good agreement when 
the vapour was at its room temperature concentration, at lower concentrations 
the spectrum extended towards much shorter wavelengths for the silica cell ; 
it was therefore concluded that at wavelengths below' 3000 a, extraneous ab¬ 
sorption occurred in the Pyrex cell, possibly due to the Canada balsam seals on 
the windows. 

A typical microphotometer trace is shown in Fig. 4, which refers to the Pyrex 
cell containing UF^ vapour at 91 mm. Approximate values of the extinction 
coefficients may be obtained by multiplying the relative figures by pjl, u.sing 
the value of ^ — 0*91 quoted by Martin and Gull for the plates and method of 
development used. Table VIII shows the effect of varying the concentration 

Martin and Gull, J. Sci. Instr., 1935, 12 , 380. 
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of UFj vapour on the wavelength at which complete extinction occurs, using 
the silica cell (1 = 5 cm.). 
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TABLE VIII 


Bulb Temperature 
'"c. 

1 

Pressure of Ul'e in Cell.* 
mm. 

Concentration of UPe in 
inoles/ 1 . 

Extinction 

Wavelength 

(A.) 


64*3 

3*48 X TO'* 

3 TOO 

-18 

3*8 

2 *o 6 X 10 “* 

2410 

~ 4 « 

1*7 X 10“^ 

I X 10 ' * 

2270 

21 So 

-.58 i 

5 X 10-2 

3 X 10“® 

-77 

3 X 10 ■* 

^ 2 X TO"’ 

2130 

—180 


. . 

2130 


* These values are extrapolated from the formula given in II ; the low tern- 
perature values are approximate ones only. 


It will be seen that, with a 5-cni. cell, pressures of vapour as low as 5 >: lo'^ mm. 
still cause intense absorption below 2200 A. ; below 2130 a. absorption by the 
optical system itself is complete. The question arises whether this intense 
absorption might be due to impurities such as HF or SiF^, or to hydrogen dif¬ 
fusing into the cell when it is sealed ofi. HF is known to show two bands in 
the ultra-violet, the second extending downwards from 2300 a. No reference 
could be found to the absorption of SiF4 in this region, but consideration of the 
published figures fijr the vapours of the other silicon tetrahalides suggests 
that continuous absorption by SiF4 may commence in the far ultra-violet. The 
vapour-pressures of HF and of SiF4 at — 77^ c. are 4*6 mm.“® and 3048 mm.‘^^ 
respectively, while at — 180” c. they are negligible. Consequently, if they w'cre 
exhibiting absorption around 2100-2300 a. we should expect to find a difference 
in the extinction wavelengths recorded at — 77" c. and at — 180" c., contrary 
to observation. Furthermore, the final distillation at — 30'’ c. during purification 
should remove all traces of these impurities. The absence of hydrogen from 
the sample w'as demonstrated by exciting the emission spectrum of the vapour, 
using a Tesla discharge and external electrodes ; no Balmer lines w^ere observed 

Siga and Plumley, Physic. Rev., 1935, 48, 105. 

Deb, Bull. Acad. Sci. United Provinces, India, 1931-2, I, 92, gives the follow^- 
ing values for the wavelengths at which continuous absorption begins: 
Sili, A 3550 a. ; SiBri, A 2660 a. ; SiCl^, A 2500 a. 

Extrapolated from the formula log,= 7*3739 — 131679/r given 
by Claussen and Hildebrand, J. Amer. Chem. Soc., 1934, 5 ^* 1820, ^or HF 
between 5-76 cm. 

“Interpolated from the formula logjo/^mm == 8*453 — 975*0/7 given by 
Patnode and Papish (ref.*) for liquid SiF4. 
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when the spectrum was examined. It may reasonably be assumed, therefore, 
that the intense absorption at low wavelengths is due to UF, vapour, even at 
pressures as low as lO”* mm. in a 5-cm. cell. 

These investigations form part of a programme of work carried out 
at the University of Birmingham during the years 1941-43 for the 
Directorate of Tube Alloys (now the Directorate of Atomic Energy). 
The authors wish to express their appreciation^ of the interest shown in 
this work by Prof. Sir Norman Haworth ; thanks are also due to the staff 
of the Government Laboratory for facilities and helpful advice, and to 
the D.S.I.R. for a grant to one of us (C.B.A.) during the period of the 
work in London. We also wish to thank Sir John Cockcroft for permis¬ 
sion to publish these results. 


Summary. 

Determination of the vapour pressure of carefully purified UF^ from 12° c. 
to 50'' c. gives the following equation : 

logic/>inin. = 10*74 ” 2592/r, 
from which the following values are obtained : 

Z-8 ~ dr 0*1 kcal. mole~^ ; 

4 = 5b*7 ± 0*5c. at 760 mm. 

The agreement between the observed and theoretical values for the molecular 
weight of the vapour at three different temperatures suggests that over this 
range the simple gas laws are obeyed within the limits of experimental error. 
This is supported by an investigation of the pressure-density relationship at a 
fixed temperature. Earlier results of Kuff and Heinzclmann are considered to 
be greatly in error. 

The dielectric constant was measured by the heterodyne beat method relative 
to COj, the values obtained being 

€ ~ 1*0038 di 0*0001 relative to vacuum as unity J at 20° c. and 
j,p — 30*7 cc. / 760 mm. 

A preliminary examination of the ultra-violet absorption spectrum of the 
vapour showed continuous absorption at room temperature, with complete 
extinction below <^3100 a. in a 15-cm. cell filled with UFg vapour at 91 mm. 
Reasons are given for attributing this inten.se absorption to UF®. 

A detailed procedure for the purification of UF^ is described. 

Note added in proof .—Since this paper was prepared for publication there 
has appeared a paper by Weinstook and Crist {J. Chem. Physics, 1948, 16, 436), 
giving the results of an independent determination of the vapour pressure of UF,. 
The results are in good agreement with those quoted above, the vapour pressure 
equation for solid UF^ being given (in the original declassified report MDDC- 
1295) 3-8 

logio/>inin. == 10*8407 -2b23-3/r. 


A. E. Hills* Laboratories, 

University of Birmingham. 


The Government Laboratory, 
Strand, W.C.2. 
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REVIEWS OF BOOKS. 

Quarterly Reviews. Vol. II, No. i. (London : The Chemical Society, 
1948. Pp. 91. Price 8s.) 

The Chemical Society’s new publication. Quarterly Reviews, is now 
in its second year and the present is perhaps an appropriate time to take 
stock of the venture and attempt to assess its usefulness. It was planned 
as a means of countering a problem which is becoming increasingly diificult, 
namely that of keeping reasonably up to date on a broad front of chemical 
knowledge. Few chemists will wish to deny the existence of this problem, 
but the extent to which it can be met by the publication of review articles, 
which make up the contents of the new periodical, depends in a large 
measure on the way in which the articles are written. It is therefore a 
pleasure to be able to record the very general appreciation expressed for 
those which have appeared so far. The choice of subjects has been nicely 
balanced and the articles themselves have been readable and informative. 
The average number per volume is four, the titles for the present volume 
being : 

“ Disproportionation in inorganic compounds,” by H. N. Wilson and 
J. G. M. Bremner. 

” The chemistry of silicon polymers,” by D. V. N. Hardy and N. J. L. 
Megson. 

” Physiologically active unsaturated lactones,” by L. J. Haynes. 

” Far ultra-violet spectra, ionisation potentials and their significance 
in chemistry,” by A. D. Walsh. 

They differ from articles in the Society’s Annual Reports in being much 
more general, and there seems to be place for the two publications pro¬ 
vided their separate functions are borne in mind continually by the 
Society. 

H. J. E. 


Some Aspects of the Luminescence of Solids. By F. A. Kroger. 
Elsevier Publishing Co., Inc. (Cleaver-Hume Press Ltd., London, 
1948. Pp. xi -f- 310. Price 30s). 

This is neither a general survey nor a complete presentation of our 
knowledge of the phenomena of the luminescence of solids ; it is a report 
of experimental work, hitherto unpublished, carried out in the laboratory 
of the N. V. Gloelampenfabrieken, Eindhoven, during the last five years, 
together with a theoretical discussion of certain aspects. Chapter I 
gives a discussion of the energy levels in pure and unperturbed crystals 
based mainly on energy diagrams ; it is largely qualitative and could 
form an introduction to the subject for the general reader. The next four 
chapters are concerned almost entirely with the presentation of new results 
obtained with tungstates, molybdates and luminophors activated by man¬ 
ganese, titanium and uranium. The final chapter deals with the effect of 
temperature on the efficiency of luminescence from an experimental view¬ 
point and concludes with some qualitative theoretical considerations. An 
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appendix of 45 pages has a brief account of applications and experimental 
methods and a Table including a full list of references, wherein luminescent 
systems are classified according to the activator. 

The record of experimental data, published for the first time, and the 
attempt at classification will interest the specialist, but for the general 
reader the limitations imposed by confining the discussion to certain as¬ 
pects of this wide subject may well give him a wrong impression of the 
present state of our knowledge. One is left in doubt whether the growing 
custom of publishing original results in book form is not an insidious 
practice which ought to be condemned, or whether by this method a par¬ 
tial solution of the difficulty of keeping in touch with a growing list of 
journals to be read by scientific workers might be found. 


Isomerism and Isomerisation. By E. D. Bergmann. (Interscience 
Publishers. New York, 1948. Price 21s.) 

It is only when one comes across the writings of a contemporary to 
whom theories of organic chemistry begin with the doctrinaire acceptance of 
Pauling’s extended theory of resonance that one realises the great extent 
to which the English outlook on mechanisms of organic reactions depends 
upon the pioneer work of Lapworth, who, over 40 years ago, made clear 
the ionic character of the majority of chemical changes, and thereby laid 
foundations for the logical interpretation, in the 1920’s, of substitution, 
addition and isomerisation processes on an clectro-dynamic basis. 

Dr. E. D, Bergmann in his six lectures on Isomerism and Isomerisation 
touches upon many recent reactions of great interest, and tries to relate 
them to the structural features of resonating organic molecules, but it 
seems to the reviewer that his attempted correlations with the static 
structures of molecules frequently fail to explain facts which can be dealt 
with quite simply by the normal English approach to the electronic theory 
of valency. Dr. Bergmann does indeed talk about free cations, anions 
or neutral radicals, but he does not direct attention to their electrophilic 
or nucleophilic characteristics, and in discussing substitution processes 
he evidently does not realise the significance of the distinctions between 
the unimolecular and the bimolecular mechanisms, with the inevitable 
result that many important features of addition processes and molecular 
rearrangements are slurred over in a hasty, unco-ordinated fashion. In 
contrast, his sections dealing with the physics of molecular structure are 
both stimulating and useful. 

In an introduction. Dr. H. Mark explains that these lectures were 
originally given to a research seminar at the Polytechnic Institute of 
Brooklyn. Undoubtedly they must have stimulated a very interesting 
discussion, and, to the outside reader, the value of the book would have 
been greatly enhanced if some of the points emerging from this discussion 
could have been printed also, in the manner of our own Discussions at 
Faraday Society meetings. 


W. A. W. 



CORRIGENDA. 

P. 267, The legends of Fig. 1 and Fig. 2 should be 
interchanged. 

P. 799. Eqn. (23). For e*”’’ read 





THE MECHANISM OF THE OXIDATION OF 
GLUCOSE BY PERIODATE. 

By G. Hughes and T. P. Nevell. 

Received 2Hth October, 1947. 

It has been reported by Fleury and Lange ^ and by Malaprade * that 
periodic acid oxidises glucose quantitatively to formaldehyde and formic 
acid according to the following equation, in which the metaperiodate 
ion is represented as the oxidant: 

C.H„ 0 . -f 5IO,- 5HC0,H -f HCHO + 5IO,- . (1) 

The reaction conforms to the general type of periodate oxidations ® and 
must, therefore, occur in a number of stages each of which consists of 
the oxidative fission of the carbon-carbon bond of an a-glycol, or potential 
a-glycol, group. The experiments to be described were undertaken to 
find an explanation for the fact that when glucose was oxidised with 
sodium periodate the reduction of the periodate appeared to be complete 
in quite a short time (1-2 hr.), whereas the production of formic acid 
occurred much more slowly,^ the theoretical yield being attained only 
after several days.® 


Experimental and Results. 

The progress of reaction (i) is accompanied by increasing acidity of the system, 
and since the reaction rate might be dependent on pn the first experiments were 
made with buffered solutions. They were carried out at 0° c. and the con¬ 
centration of periodate was measured at various times by allowing portions of 
tlie reaction mixture to react with standard arsenite in the presence of NaHCO, 
and KI, and back-titrating the excess of arsenite* with I*. The results, illus¬ 
trated in Fig. 1 and 2, show that the theoretical periodate consumption of 
5 moles/mole glucose is attained rapidly in acid and neutral solutions but that 
the reaction is slower at pn 9*7. Whilst the reaction-rate curves for pn 4*6 
and ii‘i) are too ((unplex for .sati.sfactory analysis, the curve for pn 9*7 gives 
evidence of at least two stages in the reaction. First there is a ver}'^ rapid initial 
reduction of one mole periodate/mole glucose and this is followed by a much 
slower reaction which is of zero order with respect to periodate over a con¬ 
siderable period of time. 

During the course of the experiments at pn 9*7, it was observed that samples 
which had been back-titrated with 12 after reacting with arsenite in the presence 
of NaHCOg and KI, slowly liberated considerable quantities of Ig on standing ; 
this reaction was complete in less than i hr. The amount of 1 , liberated was 
found to depend on the time elapsing between the back-titration with 12 and the 
addition of the reaction sample to the mixture of standard arsenite, NaHCOj 
and KI. It also depended on the extent to which the reaction between periodate 
and glucose had proceeded, being greatest at the beginning and zero at the end. 
The effect appeared to be due, therefore, to the presence of partially oxidised 
intermediate products which het as oxidising agents towards 1 ' ions. Although 
it was most marked in alkaline solutions it was also observed to a smaller extent 
in neutral and acid solutions. As a consequence of the effect the apparent 
amount of periodate reduced depends on the time elapsing before the back- 

^ Fleury and Lange, Compt. rend,, 1932, 195, 1395 ; J. Pharm. Chim., 1933, 

17. 409. 

•Malaprade, Bull. Soc. chim., 1934, *• 833 - 

* Jackson, Organic Reactions, Vol. II {John Wiley and Sons, New York, 
1944), Lh. 8. 

* Private communication from T. G. Halsall and J. K. N. Jones, of Man¬ 
chester University. " • 

* Private communication from F. S. H. Head, of the Shirley Institute. 
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titration with Ij is carried out. These facts are Illustrated by the results of two 
experiments recorded in Table I. In the first experiment the periodate was in 
excess but in the second there was loo % excess of glucose so that the maximum 
theoretical consumption of periodate was only 2*5 moles/mole glucose. 



The evidence of the existence of intermediate products of oxidation was of 
obvious interest in relation to the delayed production of formic acid. Since the 
rate of formation of this acid could not be determined by alkali titrations in a 
buffered system, further experiments were made in unbuffered solutions. The 



Fig. 2.—0*0025 M. glucose, 0*0175 m. periodate at o® c. 

A 4-6, □ 6*9, O 9 * 7 - 

apparent rate of reduction of periodate was measured by three methods each 
of which gave different results although they were all equally satisfactory for 
the estimation of periodate alone. The first method consisted of the procedure 
of Fleury and Lange • carried out exactly as described by them; NaHCOj,, standard 
arsenite and KI were added in that order to the reaction sample and the excess 
of arsenite was back-titrated with Ij after 15 min. The second was a modifica- 


• Fleury and Lange, J. Pharm. Chim., 1933, 17, 107. 
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tion of the method of Fleiary and Lange designed to permit greater precision 
in the measurement of reaction times. The reaction sample was run into a pre¬ 
pared mixture of standard arsenite, NaHCOa and KI, and the back-titration 
with I* was performed immediately. In the third method, the reaction sample 


TABLE I.— Oxidation of Glucose by 0*0175 m, NaI04 at />h 9*7 


Concentration of 
Glucose 
(M.). 

Approximate 
Reaction Time 
(min.). 

Time before 
Back-titration 
with Iodine 
(min.). 

Apparent 
Reduction of 
Periodate 
(moles/mole 
glucose). 

Iodine Liberated 
after Completion 
of Titration 
(g. atom/ 
mole glucose). 

0*0025 

3 

5 

0*96 

0*67 


,, 

15 

0*71 

0*24 


,, 

30 

0*61 

0*03 

99 

,, 

60 

0*60 

0*00 

99 

170 

5 

3-64 

0*08 


,, 

15 

3*61 

0*04 


M 

30 

3‘59 

0*00 

0*0070 

3 

5 

0*97 

0*43 



15 

0*87 

0*11 



60 

0*79 

0*00 


30 

5 

1*29 

0*31 



15 

1*18 

0*11 


99 

60 

1*14 

0*00 


180 

5 

2*12 

0*14 


99 

15 

2*07 

0*02 

*' i 

,9 

60 

2*04 

0*00 


I day 

5 

2 ' 5 I 

0*00 


was run into an excess of acidified KI solution and the I* liberated was titrated 
immediately with NajSjOg. Experiments were done at 20® c. and o® c. 



Periodate by : Method of Fleury and Lange . . A 

Modified method of Fleury and Lange □ 
Thiosulphate method . . *0 

Formic acid by alkali titration . . . • + 

The results of the experiments at 20° c. are shown in Fig. 3 (for reaction times 
up to 6 hr.) and Table II (for reaction times up to 28 days). The production of 
formic acid is fairly slow, requiring several days to reach completicm. The 
apparent amount of periodate reduced, as measured by the thiosulphate method. 
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is identical with the yield of formic acid throughout the reaction except at the 
very beginning where it appears to be slightly greater. On the other ^nd, the 
method of Fleury and Lange indicates that the reduction of periodate is complete 
in less than 2 hr. The results obtained by the modified method of Fleury and 
Lange are intermediate between those obtained by the other two methods. At 
the end of the reaction, when no glucose remains, all three methods give sub- 

TABLE II. —Oxidation of 0*0125 m. Glucose by 0*0875 m. NalO* at 20® c. 


Time. 

1 Periodate reduced (molcs/mole Glucose). 

Formic Acid 
(moles/mole 
Glucose). 

Fleury and Lange 
Method. 

Modified Fleury and 
Lange Method. 

lliiosulphate 

Method. 

22 hr. 

5*00 

4-84 

4*49 

4*40 

4 days 

5*02 

4*94 

4*91 

4*89 

8 „ 

5*05 

4*98 

5*09 

4*91 

13 .. 

5*16 

5*10 

5*21 

4*95 

19 

5*35 

5*29 

5*37 

4*84 

28 „ 

5 * 3 f> 

572 

6*03 

4*40 


stantially the same result. It may be noted that when the reaction is allowed 
to continue for a very long period (13 days and over), there is a slow progre.ssive 
reduction of periodate beyond the theoretical value of 5 moles/mole glucose ; 
this is accompanied by a corresponding decrease in the amount of formic acid 
present. This is no doubt due to the slow oxidation of formic acid and formal¬ 
dehyde.’ A qualitative test showed that the oxidation of formic acid by 
periodate leads to the liberation of Ig and the presence of Tg in the glucose- 
periodate reaction mixtures was clearly visible after about 20 days. This 



Periodate by : Method of Fleury and Lange . . A 

Modified method of Fleury and Lange □ 
Thiosulphate method . . *0 

Formic acid by alkali titration . . . . 

accounts for the serious discrepancy between the Fleury and Lange and the 
thiosulphate methods of estimating periodate at 28 days. In the former method, 
the whole of this iodine would be estimated as residual periodate but in the 
latter, only one quarter of it would be so estimated ; hence the amount of periodate 
consumed would appear to be greater when measured by the thiosulphate method. 
The results of the experiments at o® c. (Fig. 4 and Table III) are similar; the 
only effect of the reduction of temperature is a reduction in the speed of the 
reaction. In all these experiments the liberation of Ij after the completion of 

^ Davidson, /. Text. Inst., 1941, 3a, T109. 
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the Fleury and Lange titration was very marked in the early stages of the re¬ 
action, but it did not occur when the modified procedure was used. It will 
observed from Fig. 3 and 4 that when the rate of reduction of periodate is 
measured by the modified method of Fleury and Lange the rate curve appears 
to pass through a maximum at a periodate consumption of about 4*5 moles/mole 
glucose. The region in which apparent re-oxidation of iodate took place was 
carefully examined in a separate experiment the results of which are shown in 
Fig. 5 and it is clear that in this region the modified method of Fleury and 
Lange for estimating periodate gives very erratic results : even the original 
method seems to be subject to somewhat greater variations than usual. 


TABLE III.— Oxidation of 0*0125 m. Glucosk by 0*0875 m. NaI04 at o°c. 


Tinie. 

Periodate reduced (moles/mole Glucose). 

Formic Acid 
(moles/mole 
Glucose). 

Fleury and Lange 
Method. 

Modified Fleury and 
Lange Method. 

Thiosulphate 

Method. 

23 hr. 

4 * 8 i 

4 *o 6 

3*90 

3-85 

10 days 

4-85 

4-60 

4*50 

4*62 

14 M 

4-88 

4<>4 

4*68 

4-65 

31 .. 

4-90 

4-84 

1 

4*89 

4-84 


Experiments in Buffered Solution.—Sodium metapcriodatc (0*0035 niole) 
was dissolved in water and sufficient buffer mixture to give a final concentration 
of 0*2 M. was added : the mixture was diluted to about 170111!. and cooled to 
o** c. The reaction was started by adding 0*02 M. glucose (25 ml.), cooled to o® c., 
and making up to 200 ml. with water. 'I'ho initial compositum of the reaction 
mixtures was therefore 0*0175 with respect to periodate and 0*0025 M. with 
respect to glucose. The following buffer mixtures were used : (a) for pn 4*6, 
equimolar quantities of sodium acetate and acetic acid ; [h] for pH 6*9, 

(NH4)jHP 04 and (Nff4)H21^04 in the molar ratio, 3/1 ; (r) for pH 9*7, equimolar 
quantities of KaCOg and KHCOg. The />h’.s were measured with a glass elec¬ 
trode in conjunction with a Cambridge ^ii-meter. The concentration of periodate 
was detorminc'd on to ml, portions of the reaction mixture withdrawn at suitable 
intervals, by the following modifications of the metliod of Fleury and Lange.* 
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Modified method of Fleury and Lange □ * 
Thiosulphate method . . . O 
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(а) At 4*6 ; the test portion was run iivto a mixture of o*o2 n. sodium 
arsenite (25 ml.), 10 % KI (2 ml.), saturated NaHCOa (10 ml.) and o*i n. NaOH 
(10 ml.), and titrated with o*oi n. I, immediately. 

(б) At pn 6-9 ; the procedure was the same as at pn 4*6 except that the 
0*1 N. NaOH was omitted. 

(c) At pn 9*7 ; the test portion and o*i n. HjSO* (10 ml.) were run simul¬ 
taneously into a mixture of 0*02 n, sodium arsenite (20 ml.), 20 % KI (5 ml.) 
and saturated NaHCOg (10 ml.) with vigorous shaking, and titrated with 0*04 N. 
I, immediately. 

Liberation of Iodine after Completion of Titration. —The results 
shown in Table I were obtained from two experiments with 0*0175 M. sodium 
metaperiodatc buffered at pn 9*7 by means of o*i m. KjCOs and o*i m. KHCO3 .* 
the initial concentrations of glucose were 0*0025 and 0*007 M. respectively. The 
periodate concentration was determined at suitable intervals by running test 
portions of the solution (10 ml.) and 0*1 n. H3SO4 (10 ml.) simultaneously into 
a mixture of 0*02 n. sodium arsenite (25 ml.), 10 % KI (5 ml.) and saturated 
NaHCOj (10 ml.) ; after standing for various times the mixtures were titrated 
with 0*01 N. 1 3. After a further hour, the I* liberated was back-titrated with 
0*01 N. sodium arsenite. 

Experiments in Unbuffered Solutions. —Sodium metaperiodate (0*04375 
mole) was dissolved in water (470 ml.) at o® c. or 20° c., 0*25 m. glucose (25 ml.) 
at 0° c. or 20° c. was added, and the mixture was made up to 500 ml. with water. 
The initial composition of the reaction mixtures was therefore 0*0875 m. with 
respect to periodate and 0*0125 m. with respect to glucose. The concentrations 
of periodate and formic acid were determined on 10 ml. portions of the reaction 
mixture withdrawn at suitable intervals, by the following methods. 

(a) Method of Fleury and Lange. To the test portion were added satur¬ 
ated NaHCOa (10 ml.), 0*1 n. sodium arsenite (25 ml.) and 20 % KI (5 ml.) in 
that order. After 15 min. the excess of arsenite was titrated with 0*1 n. I*. 

{b) Modified Method ok Fleury and Lange, Tlie test portion was run 
into a mixture of 0*1 n. sodium arsenite (25 ml.), 20 % KI (5 ml.) and saturated 
NaHCOa (10 ml.), and titrated with 0*1 n. Ij immediately. 

(c) Thiosulphate Method. The test portion was run into a mixture of 
20 % KI (8 ml.), 2 n. H8SO4 (5 ml.) and water (50 ml.) ; 0*25 n. NajSiOj (20 
ml.) was added immediately and the titration of the liberated I, was completed 
with 0*1 n. thiosulphate. 

The three methods (a), (b) and (c) gave identical results when used for the 
analysis of pure periodate .solutions. 

{d) Formic Acid was determined by titration of the test portion with 0*05 n. 
NaOH after the destruction of the periodate present with ethylene glycol (5 ml. 
of a 10 % solution), phenolphthalein being used as indicator.® 

Discussion. 

The results reported above provide clear evidence that the oxidation 
of glucose by periodate proceeds by way of intermediate substances which 
are more stable in alkaline than in acid solutions, and which oxidise V 
ions more rapidly in acid than in alkaline solutions. In the interpretation 
of the results it is assumed that the main point of periodate attack is the 
potential a-glycol group in the i : 2-position of the glucose molecule, and 
that in the first stage of the reaction an intermediate substance is formed 
which decomposes into a pentose and formic acid. Later successive 
stages consist in the formation of similar intermediate substances from 
a pentose, tetrose, triose and biose, followed by their decomposition into 
formic acid and a tetrose, triose, biose and formaldehyde respectively. 
In the reaction at />h 9*7 (see Fig. i) the rate-controlling process is the 
unimolecular decomposition of the intermediate substances. The first 
very rapid consumption of one mole of periodate per mole of glucose 
represents the production of the hexose intermediate which is then con¬ 
verted slowly into formic acid and a pentose. The pentose is rapidly 
attacked by periodate as soon as it is formed with the production of a 
pentose intermediate. The rate of this second reaction is therefore equal 
to the rate of decomposition of the hexose intermediate and is independent 

® Brown, Dunstan, Halsall, Hirst and Jones, Nature^ 1945, 156, 785. 
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of the amount of periodate present, provided that there is an excess. 
In the same way the rate of decomposition of the pentose intermediate 
determines the rate at which periodate reacts with tetrode and so on. 
Hence the rate of oxidation is of zero order with respect to periodate. 

The discrepant analytical results obtained with unbuffered solutions 
may be explained in the following way. When the thiosulphate method 
is used to measure the apparent reduction of periodate the intermediate 
substances, as well as the residual periodate, react with the acidified 
KI, liberating I,. Hence this method of analysis measures the rate of 
transformation of glucose into non-oxidising products and not the rate 
at which periodate is reduced to iodate. The substantial agreement 
between the rate of production of formic acid and the rate of oxidation 
measured by the thiosulphate method throughout the reaction is evidence 
that at every stage the principal attack of the periodate is directed at the 
potential a-glycol group in the i : 2-position of the aldose molecule. The 
small discrepancy at the beginning of the reaction may be attributed 
to a small amount of oxidation of a-glycol groups other than those in the 
I : 2-position ; such oxidation would not lead to the immediate production 
of formic acid. 

When periodate consumptions are measured by the original method 
of Fleury and Lange, the intermediate substances do not oxidise I' ions 
rapidly owing to the low H+ ion concentration. Hence they contribute 
only slightly to the oxidation of the arsenite, which is due. in this case, 
mainly to the periodate present. The method gives, therefore, the closest 
approximation to the true rate of reduction of periodate, which is very 
rapid compared with the rate of production of formic acid. When the 
back-titration with has been completed the mixture in the titration 
flask still contains most of the intermediate substances and these continue 
to react slowly with the KI present causing the gradual liberation of Ij. 

When the modified procedure of Fleury and Lange is adopted, the 
reaction samples are run into prepared mixtures of standard arsenite, 
NaHCOj and KI, and in these circumstances the intermediate substances 
have time to oxidise a considerable quantity of arsenite before being 
stabilised by the NaHCO,. Hence results intermediate between those 
obtained by the other two methods are to be expected. Since there is 
no reason to suppose that the five possible intermediate substances 
(derived from hexose, pentose, tetrose, triose and biose) are all equally 
strong oxidising agents, a plausible explanation can be offered of the 
appearance of maxima in the curves obtained by the modified method 
(Fig. 3, 4 and 5). When the reaction has reached a certain stage, a 
small increase in the oxidising power of the intermediate substances would 
result in a greater proportion of them being estimated together with 
residual periodate. Thus an apparent decrease in the amount of periodate 
reduced would be observed. 

The nature of the intermediate substances which have been detected 
is a matter for speculation, A recent paper,® which contains a review 
of the literature, shows that most previous workers have accepted the 
original suggestion of Criegee that the fission of glycols by periodate 
proceeds by way of a cyclic diester, e.g. 


CH—CK ~ 

+ HJO,-V 1 ^10, + -f 3H,0. 

CH~0^ 


The formation of such an ester would explain our results. The main 
objections are that our intermediate substances are produced under 
conditions not usually associated with ester formation and that they are 

• Heidt, Gladding and Purves, Paper Trade 1945, 121, 81 (T.A.P.P.I.). 
Criegee, Kraft and Rank, Annalen, I933» 507, 159. 
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more stable in alkaline than in acid solutions. Such objections may be 
partly met by noting that the proposed ester is a cyclic one and that in 
all probability it carries a negative charge. It is possible to formulate^ 
a free-radical mechanism for the reaction (cp. Waters but it is difficult 
to believe that glycol free radicals could be sufficiently long-lived to account 
for the intermediate substances observed in the present work. 

Summary. 

The rate of reduction of unbuffered periodate solutions by glucose, and the 
rate of production of formic acid from the glucose, have been studied ; the 
effect of pn on the rate of the reaction has also been investigated. The experi¬ 
mental results disclose the formation of intermediate products that are them¬ 
selves oxidants and decompose into the final reaction products. It is suggested 
that these intermediate substances are cyclic diesters of periodic acid, 

The British Cotton Industry Research Association, 

Shirley Institute, 

Didsbury, 

Manchester. 

^'Waters, Trans. Faraday Soc., 1946, 42, 184. 
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1. Introduction. — Surprisingly little work either experimental or 
theoretical has been applied to mixed adsorption. The present paper 
is devoted to a study of equations of state corresponding to the simplest 
possible kind of model for monolayers containing two kinds of adsorbed 
molecules. The formulas wilL be compared with the simpler well-known 
formulae for monolayers containing adsorbed molecules of only one kind, 
in particular the formulae due to Volmer.^ It will be shown that certain 
other formulae which have been proposed are self-contradictory. 

2. Monolayer as Two-Dimensional Gas.—It is well known that 
certain monolayers can profitably be regarded as the two-dimensional 
analogue of a gas. The close analogy between the formulae for such a 
monolayer and those for a gas has been emphasised elsewhere.* In 
particular, we recall the form of the thermodynamic functions in the 
case of a single adsorbed species. 

The free energy of the adsorbed monolayer is given by : * 


jpads 

Hr 


N \og ^4 + 


N*B 
A ’ 


(2.1) 


where N denotes the number of molecules adsorbed on the area A at 
the absolute temperature T ; kis Boltzmann’s constant; j and B depend 
on the nature of the adsorbed molecules, on the nature of the surface and 
on the temperature, but are independent of N. The parameter B is 
the exact analogue of the second virial coefficient of a gas. If one chose 
to regard B as a co-volume, one might expect B to be independent of 
temperature, but there seems no point in introducing such a restriction 
on the nature of the virial coefficient ' 

Formula (2.1) is the precise analogue of the formula for the free energy 
of a single, slightly imperfect gas. At high deviations from perfection. 


^ Volmer, Z. physik. Chem., 1925, 115, 253. 

, * Fowler and Guggenheim, Statistical Thermodynamics, 1939. (Hereafter 
referred to as S.T.), § 1003. 
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that is to say when NBI A is not small, one would need to introduce higher 
virial coefficients. We shall, however, not be concerned with such better 
approximations. 

By differentiation of (2.1) with respect to A we obtain for the two- 
dimensional spreading pressure ^ 


kf 


N N^B 

-A + Hr-r+nB. 


( 2 . 2 ) 


where T = N/A. 

By differentiation of (2.1) with respect to N, we obtain for the chemical 
potential /x, 


^=log^^ + 


2 NB 

A 


— log r + 2 FB. 


(2-3) 


By equating the chemical potential to that in the vapour phase, we 
obtain a relation between F and the partial vapour pressure p of the form 

iog^ = log r +2rB. . . . (2.4) 


where /, a quantity having the dimensions of a length, like j depends on 
T but is independent of F. 

The extension of these formulie to two adsorbed species by analogy 
with a mixture of two gases ® is immediate. For the free energy of the 
adsorbed monolayer we have in place of (2.1) 






AT, + 


(N, +N,)*B 


(2.5) 


where N^, N2 denote the number of molecules of the species, i, 2 respec¬ 
tively adsorbed on the area A. ji, jt depend on the temperature but not 
on Ni, iVj. The second virial coefficient denoted by B, as well as depending 
on the temperature, depends on the relative values of Ni, according to 

(N, -f iVa)*B N,^B, 4- zN.N^B,^ . . (2.6) 


where and B^^ depend on the temperature but arc independent 

of It is convenient to define a quantity w by 

= B,2 - -f B2 ), . . . (2.7) 

since for pairs of closely similar substances, such as two alcohols, it is 
plausible to assume that w ~ o. Using (2.7) in (2.6) we obtain 

{N, -f N^VB - {N, 4- -f N,B2) 4* 'zN.N^w, 

D 1 JJ , ^2 


b = - 


A 4- F 


Bi 4- 


A4- F 


Bg 4- 


(A + F2Y 


where 


r, = and r, 




( 2 . 8 ) 

(2.9) 

(2.10) 


Differentiating (2.5) with respect to we obtain for the spreading pressure ^ 


= A + r. + (r, + r.)»B. (2.11) 

Differentiating (2.5) with respect to bearing in mind (2.8), we obtain 
for the chemical potential of the species i 


^ — log jiFi 4- 2B1F I 4- (Bi 4- 4 ~ 2te;) Tj. 

= iogy«n + 2B,r, + (B, + B, + 2w)r,. 


Similarly 


(2.12) 

(2.13) 


* S.T., formula (704.3). 
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By equating each chemical potential to that in the vapour phase, we 
obtain relations between T, and the partial vapour pressures pi, 
of the two components 

log^‘ = log r, + 2B,r, + (Bi + B, + 2tei)r„ . (2.14) 

log^ = log r, + 2B,r, + (Bi + B, + 2w)r„ . (2.15) 

where li, are independent of Tj, 

3 . Alternative Forms.—Since formula (2.5) is correct only to the 
terms shown, further terms involving higher powers of NiJA and N^jA 
being neglected, we may if we choose without either gain or loss of accuracy, 
replace it by the alternative formula 


77adB 

IV,log 




A - (N, + N,)B 


-N, + N,log 


.uN, 


A + N,)B 


-IV.,(3.1) 


where B is still defined by (2.6). We shall see that this particular choice 
is the natural extension of Volmer's ^ formulae for monolayers containing 
molecules of only one kind. By using (3.1) instead of (2.5) we shall in 
the special case w ~ o, without further mathematical approximations, 
be able to obtain a relation between pi, p^, <l> not involving Fi, F^. 

Differentiating (3,1) with respect to A, we obtain for the spreading 
pressure ^ 

± ^ + . . . (3.2) 

* 2 ' A - (iV, + A^,)B A - B 

where A = A/(N, + N,) .(3.3) 


Differentiating (3.1) with respect to Ni, bearing in mind (2.8), we obtain 


i^t 




A + r,){A 

;.A 


B.+ 2 r.M(A+A)* 

JTl ’ • <3-4) 


~ loe _ » _ L 

®(r,+r,)(^-B) ^ 


B. + 2A«a;/(r, + A)* 


( 3 - 5 ) 


By equating each chemical potential to that in the vapour phase, we 
obtain relations between Fi, r, and the partial vapour pressures pi, p^ 
of the two components 


log = log --rur 


I B, + 2 r.«a;/(r. + r,y 




A 


:=—+ 


A - B 
B, + 2 r^i(r, + r.)» 
A - B 


( 3 - 7 ) 


log (A + r,){A - B) 

where li, /, are independent of Fi, T,. 

By substitution from (3.2) we can rewrite (3.6), (3.7) in the forms 

log Vi = >08 /I, + Pt (r, + 


log V. - log + {s, + 


/•j _j_ ' / r _i_ pf\ I i.'T* • (3*9) 

In the special case w = o, relevant to a pair of very similar substances, 
(3.8) and (3.9) reduce to 


A 


nT7;-T 


(3.10) 

(3-II) 
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It is interesting to note that in this special case we can by addition 
entirely eliminate Tj, r,, obtaining the relation between^, pi, 

liP^e-BxmT + . . (3.12) 

4 . Comparison with Volmer’s Relations.—As already mentioned 
the formulae of § 3 are neither more nor less accurate than those of § 2. 
Their chief claim to interest is their closer relationship to the formulae 
given by Volmer for a single adsorbed species. 

If we set JV, = o in (3.1) and drop redundant subscripts and average 
signs, we obtain for a single adsorbed species 

Fad. = . . . ( 4 . 1 ) 

At the same time (3.2) becomes 

kT A - NB . 


while (3.7) becomes, when we use FA ~ i 


ip 

kT 



erB!{i-rL) 


(4.3) 


Formulae (4.2) and (4.3) are due to Volmer. 

5 . Gibbs* Absorption Formula.—The thermodynamic relation due 
to Gibbs between the spreading pressure ^ and the partial vapour pressures 
may be written in the form* invariant with respect to Gibbs' geo¬ 
metrical surface 

^ d^ = (A - fM, ro)d log -h (r, -I- Wa f"o) d log Pt > • ( 5 -i) 

where the subscript o refers to the solvent and m,, m j denote the number 
of molecules of the solute species i, 2 respectively per molecule of solvent. 
For dilute solutions, for which alone our formulae are valid, we have 
nti^ 1, w, << I and we may replace (5.1) by the simpler and better- 
known relation 

= Adlog^i-h r^dlog/)*. . . . (5.2) 


There is no difficulty in verifying that this relation is satisfied either 
by the formulae of § 2 or by the formulae of § 3, as it is indeed automatically 
satisfied by any set of formulae derived either from a self-consistent 
model or from a consistently assumed form for the free energy of the 
adsorbed layer. It would not be necessary to mention this obvious truth, 
were it not that formulae have been proposed which do not correspond 
to any model, which are not naturally consistent and which do not satisfy 
the thermodynamic criterion (5.2). We shall refer to such an example 
of impossible formulae in § 6, 

6. Ideal Localized Monolayer.—^All the formulae discussed hitherto 
relate to monolayers of the mobile kind. They are accordingly most 
suitable for application to adsorbed layers at the surface of a liquid. The 
opposite kind of monolayer, known as localized, corresponds more nearly 
to adsorbed layers at the surface of a crystal, though it may possibly also 
serve as a useful model in the case of adboiption at the surface of a liquid. 

In the model of a localised monolayer it is assumed that the surface 
contains a definite number of sites arranged uniformly, each of which 
may either be occupied by an adsorbed molecule or be vacant. This 
model was introduced by Langmuir,* who at the same time derived, by 
kinetic arguments, formulae relating the amounts adsorbed to the partial 
vapour pressures, in the simple case of no interaction between the 


* Guggenheim and Adam, Proc. Roy. Soc. A, 1933, * 39 > 218. 

* Langmuir, J, Amer. Ghent. Soc., 1918, 40, 1361. 
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adsorbed molecules. Such a localised monolayer is called ideaL These 
formulas have subsequently been derived by statistical methods. Com¬ 
plete accounts are available elsewhere and there is no cause to reproduce 
such derivations. It will suffice to recall the formulae for the equilibrium 
partial vapour pressure pi, over a localized monolayer in which the 
fractions Oi, ^2 of the sites are occupied by molecules of the types i, 2 
respectively,® 


Pt _ 

e. 

. (6.1) 

Pm I 

- 0 ,-e,' ■ 

P» _ 

e. 

. (6.2) 

Pm I 

-e,-8,- • 


Here px^ denotes the value of Pi when half the sites are occupied by mole¬ 
cules of type I and the other half are vacant, while px^ is defined similarly. 
We can solve (6.1), (6.2) for di, 6^ obtaining 

a _ _ PllPh i _ /g 

^" 1 + (pi/pHi) + (p.ipH^y * * ‘ ^ 

a _ PtIPht _ (ft a\ 

* I + (pi/p.t) + (p^/p^^y * * ‘ ^ 

If, as previously we denote by Fz the number of molecules of the two 
kinds adsorbed per unit area, we can rewrite (6.3), (6.4) as 


A = 


PllPhx^^ 

i 4- (Pi/pHi) 4- (p^/p^>y 

_ PtIP htAs 

I 4 (Pl/pHt) 4 (Pz/pH^y 


(6.5) 

(6.6) 


where Ati denotes the area per site. These formulae correspond accurately 
to the model desciibed. They are consequently mutually consistent 
and automatically satisfy the criterion of Gibbs' adsorption relation. 
We need say no more about them except to contrast them with a formula 
proposed by Butler and Ockrent ^ 


_ pi /^2 _ 

1 + (Aipi)/hi -f (Azp2)lh 


(6.7) 


with a similar formula for r,. In order to compare these with our formula 
we substitute 

Pti\ A * Pf'Jt 


obtaining 




A,- 

PilPh,Ai 


r, =. 


I + (/’!//>».) + {p,ip,,y 

P^IP^^^^ _ 

I f (pllpl,,) + {ptlpk,)‘ 


. ( 0 . 8 ) 
• (6.9) 
. ( 6 . 10 ) 


This pair of formulae differs from (6.4), (6.5) in the occurrence of two 
characteristic areas Ai, A 2 instead of the area per site A a. These char¬ 
acteristic areas Aj, A 2 have not been precisely defined. The pair of formulae 
containing them does not correspond to any well-defined model. They 
contradict Gibbs' adsorption formula. In short, they are impossible. 

7. More than Two Adsorbed Species.—^We have confined ourselves 
to two adsorbed species purely for the sake of brevity. All the formulae 
may immediately be extended to three or more adsorbed species. In 
every case a set of formulae, corresponding to a well-defined model or 


• S.T., formula (1004,9). 

’ Butler and Ockrent, /. Physic. Chem., 1930, 34, 2842, formula (6). 
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derived consistently from an assumed formula for the free energy of the 
monolayer, will automatically satisfy the criterion of Gibbs* adsorption 
relation. On the other hand a set of empirical formulae such as (6.6) 
not derived in this manner is liable to be self-contradictory in not satisfying 
necessary thermodynamic relations. 

8. Ideal Dilute Solutions. —^When the solutions considered are sufficiently 
dilute so that Henry*s law is obeyed by each of the adsorbed species, one 
can replace any formula involving partial vapour pressures by an analogous 
formula involving concentrations. In fact the formula? of Butler and 
Ockrent referred to above were actually expressed in terms of concentra¬ 
tions, but this is quite irrelevant to our criticism of them. 

In particular for ideally dilute solutions we may replace formulae 
(3.12) by 


—Z?— = £?£« . . . (8.2) 

A 4- A ^ 

s,C^e-MlkT ^ ^ . . . (8.3) 

where Cj, C, denote the concentrations of the species 1, 2 in the dilute 
solution while Sj, $2 like 1 2 are independent of the composition of the 
solution. 

9 . Comparison with Experiment.—As mentioned in § 1, experi¬ 
mental data on the spreading pressure of solutions with two solutes are 
sparse. Butler and Ockrent have made measurements on aqueous 
solutions of ethyl alcohol and propyl alcohol and we hoped that these 
would supply an interesting test of the applicability of our formulae. 
Unfortunately a cursory examination of the data reveals that within 
the experimental accuracy, not only w = o but also 

Bi = B 2 • • • • • ( 9 * 1 ) 

Conside^g the similarity of ethyl and propyl alcohols this is not surprising. 
The equality (9.1) does not prevent us from carrying out the comparison 
between the experimental data and the formulae ; it merely makes the 
comparison less interesting. 

In view of (9.1) we may drop the subscript from B and write 
(8.3) as 

+ s,C,. .... (9.2) 

In Table I we give Butler and Ockrent's experimental values of the 

TABLE I.— Values of Spreading Pressure ^ in Dyne/cm. in Aqueous 
Solutions of Ethyl Alcohol and Propyl Alcohol at 20° c. 


Molarity of 
Ethyl Alcohol. 

Molarity of 

Propyl Alcohol. 

0. 

1 

0-5. 

1 

1 *0. 

2 -0. 

0 

0 

10-3 

16'2 

23*9 

0-05 1 

4-0 

— 

— 

— 

0*1 

7-6 

14-7 

19*3 

25*9 

0*2 

13*5 

— 

— 

— 

0-25 

15*7 

19*8 

23-3 

28*7 

0*5 

23-1 

25-8 

28-5 

32-2 
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spreading pressure ^ for several dilute aqueous solutions of ethyl alcohol 
and propyl alcohol. In Table II we give a comparison of values of the 

TABLE II. 

Test of formula -f with 

BJkT = 0*0400 cm.*/erg, or B = 16*2 A*; 

s, — 31*1 ^ for ethyl alcohol; 

* cm. mole 

s, = 114*0 ^ for propyl alcohol. 

■ ^ cm. mole ^ 


Molarity Ci of 
Ethyl Alcohol. 

0. 

0-5. 

1*0. 

2*0. 

Molarity Ct of 
Propyl Alcohol. 


fiCi + 

**C|. 


«iCi + 


*iCi + 
StC%. 


»iCi + 

»|Ci. 

0 

0 

0 

15*5 

15*5 

31*0 

3 I-I 

62*3 

62*2 

0*05 

4*7 

5-7 

— 


— 


— 


0*1 

10*3 

11*4 

26*5 

26*9 

41*8 

42*5 

73-0 

73-6 

0*2 

23*2 

22*8 

— 


— 


— 


0*25 

29*4 

28-5 

43-7 

44*0 

59-2 

59 -(> 

90*5 

90*7 

0*5 

58*2 

57-0 

72-4 

72*5 

89*0 

88-1 

117*0 

119*2 


left and right sides of equation (9.2) calculated from the following assumed 
values of the parameters. 

B/kT = 0 0400 cm.*/erg, or B = 16*2 A*; 

5. = 31-I for ethyl alcohol; 

cm. mole 

Sm = 114-0 for propyl alcohol. 

^ cm. mole ^ 

On the whole the agreement is remarkably good, in fact surprisingly so 
since Bff^IkT is not small compared with i, which means that (Tj + r,)B 
is not small compared with i. 

It is interesting to compare the value of the virial coefficient B with 
the area occupied by closely packed —CH^OH groups in long-chain 
alcohols, namely * 21*6 A*. If B were a co-volume, its value should be 
just twice this area, that is to say 43 A®. The fact that the actual value 
16 A* of B is much smaller shows that the mutual attraction between 
adsorbed molecules is by no means negligible. 

Summary. 

Well-known thermodynamic formulae for monolayers containing adsorbed 
molecules of only one kind, in particular those of Volmer, are extended to mono- 
layers containing adsorbed molecules of two or more kinds. 

Dept, of Colloid Science, Royal Institution, Dept, of Chemistry, 
Cambridge University. London, W.i. Reading University. 


• Adam, Physics and Chemistry of Surfaces (1941), p. 50. 
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1. Introduction. 


The well-known formula due to Henry ^ for the rate U of cataphoresis 
of spherical particles of radius a in an electrolyte of viscosity ij, where 
the field strength is E, may be written in the form 


U - 4 - AF( 5 )}.(i.i) 

Here £ is the electrokinetic potential, c the dielectric constant of the 
electrolyte, and 


F(»). ii* - As.+ +We,(«(.-!) . M 


where 


-00 

- J, -d,. 


The parameter b is defined by 6 =: Ka, k being given by 






. (1.3) 


w, is the concentration of ions of type i in the electrolyte, Zi their valency, 
e is the electronic charge; k is Boltzmann’s constant and T the absolute 
temperature. A is defined as 


<7 — (T„ 

2a 4- ao * 


( 1 - 4 ) 


where a is the specific conductivity of the material forming the solid 
particles, and that of the electrolyte. Henry’s formula is a consider¬ 
able improvement on Smoluchowski’s work, but his treatment still con¬ 
tains various approximations ; for example, he uses the Debye-Hiickel 
approximation (£e//cr << i), neglects any distortion of the ionic atmosphere 
round the sphere, and drops the “ inertia terms ” in the equations of motion. 
The effect of not using these simplifications is to add to the right-hand 
side of eqn. (i.i) further terms containing £ and E to higher powers than 
the first.*' * 

In the present paper, however, we shall not be concerned with these 
improvements of Heniy’s formula, but we shall carry out a refinement 
which may be of practical importance. Henry assumed in the derivation 
of eqn. (i.i), that the conductivity of the particle was uniform. For 
practically all materials except metals, this conductivity will almost 
certainly be zero in the interior, but may not vanish near the surface. 
For it may happen that the surface regions of the solid have a high con¬ 
ductivity. For example, if the surface charge is due to adsorbed ions, 
these ions may possess a high mobility and a high concentration. 


^ Henry, Proc. Roy, Soc. A, 1931, 133, 106. 

* Booth (to be published). 

* Overbeek, Sonderabruck Kolloid-Beiheften, 1943, 54, 287. 
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There is some experimental evidence indicating surface conductance 
in certain cases. Thus Rutgers * determined streaming potentials as a 
function of tube width and concentration of electrolyte for various electro- 
l)rtes in glass capillaries. It was found that the potential-concentration 
curves differed for different tube widths, the potential exhibiting an ap¬ 
parent decrease with reduction of the capillary radius ; but the streaming 
potential should, of course, be independent of the radius of the capillary. 
A satisfactory explanation was obtained by assuming that part of the 
current set up by the streaming potential flowed through the surface 
of the capillary. Estimates were made of the surface conductance ; for 
solutions of KCl and HCl, for example, the surface conductance was nearly 
proportional to the concentration of electrolyte and reached values of 
I0-’ ohm- 1 . Manegold and Solf » have also reported an apparent de¬ 
crease of the electrokinetic potential with tube width in electrosmotic 
measurements. This is doubtless also due to surface conduction. 

The importance of the surface conductance effect upon cataphoresis 
has been stressed by Bikerman,® but his quantitative results are not very 
useful since they only apply to particles in the form of long thin rods 
moving with their axes parallel to the direction of the field. 

In the next paragraph we shall derive a modified form of eqn. (i.i) 
taking into account surface conductance. The concluding paragraph 
discusses the bearing of the results upon the experimental data. 


2. Calculation of the Dependence of the Cataphoretic Velocity 
upon the Electrokinetic Potential. 


Near the particle the electrostatic potential may be written as the sum 
of three terms. 


^ — 01 4 - ^2 “f • • • • (2.1) 


01 denotes the potential in the equilibrium state, when no field is 
applied. 0 represents the potential due to the external field if no charge 
were present on the particle and 0* represents the distortion of 0i, pro¬ 
duced by the external field. 

First consider 0 ; instead of examining the field near a sphere of 
conductivity a immersed in an infinite medium of conductivity a© (as 
in Henry's calculation) we must now find the field near a sphere of radius a, 
of conductivity a surrounded by a concentric shell of conductivity a' 
between radii a, and ^i, the sphere and shell being immersed in an infinite 
medium of conductivity a®. The appropriate potentials F<, F„ Kq for 
the interior, shell and infinite medium, are respectively 


F, - - 
F. ^ - 


cos B 

E( 2 a' -f- a) 
cos B 


^ »-» Ua' + 


y] 


where 




y})] 






+ «. 

201*/ o’ - " \~i 

a,* \ 2 a' + 0/ )' 


(2.2) 


( 2 - 3 ) 


It is easily verified that the above expressions satisfy the boundary 
conditions at infinity and at r — ai, and r == aj. For example, at r =* a, 
we have 


F. = Fo and 




( 2 - 4 ) 


* Rutgers, Trans. Faraday Soc., 1940, 36, 69. 

® Manegold and Solf, Kolloid-Z., 1931, 55, 293. 

• Kikerman, Trans. Faraday Soc., 1940, 36, 154. 
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Now evidently 


^ = lim Vo 

a»->ai — a 


(2.5) 


where we assume the quantity or'(a, — ai) remains finite and equals the 
surface conductance a,. 

We then find that 


where 


^ ^ Er cos 4 - » 

A === ^(gp — q) — 2a, 

a(a 4- ZOo) 4 - 2a/ 


( 2 . 6 ) 


(2.7) 


Now let US consider the terms and of eqn. (2.1). It is easily shown * 


that 


+ 0 {{») 


(2.8) 


where 0(i*) denotes terms involving the square and higher powers of {. 

The distortion of the field, can be shown to vary as J* and higher 
powers of { ; we are now interested only in the dependence of U on the 
first power of {, and we shall accordingly not consider here. 

Now Henry calculated the cataphoretic velocity assuming that the 
field due to the surface charge and double-layer remained spherically 
symmetrical. He assumed that the spheres had a uniform finite con¬ 
ductivity. Thus for the external field term he used an expression 
identical in form with equation (2.6) but with A, replaced by the A of 
eqn. (i.i). It follows that the results of his calculation can be carried 
over to find U in our case immediately. From eqn. (18) of his paper, 
we have 


Substituting for from eqn, (2,8) and carrying through the integrations 
wj finally have the formula, 


y = ~ (I + Km) + oa*) 


(2.10) 


where F(6) is defined in equations (1.2). 

To find the dependence of U upon the higher powers of J in formula 
(2.10) we should require in the first place to add terms depending upon 
and higher powers in expression (2.8) for ^1. The effect of the dis¬ 
tortion of the potential represented by the term of (2.1) would also 
have to be taken into account. The analysis of the latter effect has been 
developed by Overbeek ® and the present writer * for the case of non¬ 
conducting particles. The calculations are very complicated however, 
and we shall not carry them through for our present problem. However, 
it seems likely that the additional terms in (2.10) are qualitatively very 
similar to the additional terms for the non-conducting particles. Thus 
we should ej^ct the higher order terms to vanish for a very thin layer 
on a very thick double layer, and the correction to U due to these terms 
to reach its maximum value for a double-layer thickness about one-fifth 
of the radius. It is also easy to show that if the electrolyte is symmetrical 
—that is, has equal numbers of positive and negative ions—there are no 
terms of order {•. 


3. Discussion. 

It is evident from relations (2.7) and (2.10) that the importance of the 
surface conductance effect in cataphoresis depends upon the relative 
magnitudes of the quantities a„ a a and aoo. 
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In the accompanying figure we have plotted the quantity 6 trriUIE€l 
(using expression (2.11) for U) as a function of loge b, for various values 
of the ratio a,/aoa ; the curves apply only to an insulating particle ; that 
is, we have taken a = o. All the curves approach the value i as 6 o ; 
this is to be expected, for with a very extended double-layer the resistance 
to motion is given by the ordinary Stokes formula. As b increases, or 
as the thickness of the double-layer diminishes, the surface conductance 
efi^ect becomes more and more important. Of course, in the expressions 
for U which we have used, the terms of order are dropped and there¬ 
fore the curves drawn only apply in the limiting case of ie/kT small. 
From the results of our previous work on cataphoresis * we might expect 
that the curves would be modified appreciably for te/kT ^ i. 



Fig. I.—Dependence of cataphoretic velocity upon double-layer thickness and 
surface conductance for insulating particle. 


Let us consider the limiting case of b large more closely. We have 
in the limit fe 00, 


^ _ 

(mrj a{a -|- 20^) -f* 2a,* 


( 3 - 1 ) 


If we let J, denote the electrokinetic potential as calculated from the 
Smoluchowski formula 


then we see that 



( 3 - 2 ) 


r _ + 2«y«) + 20, 

‘ .^ 3 . 3 ) 

Now Rutgers found that o, for glass capillaries was very nearly pro¬ 
portional to the concentration of electrolyte ; assuming <r, to be roughly 
proportional to the concentration, we can write 

cr,=irf(To . 


• ( 3 - 4 ) 
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where the constaat i has the dimensions of a length. For non-conducting 
particles eqn. (3.3) now becomes 

. 

For solutions of KCl, Rutgers found d == i-i x lo**® cm. hence from 
eqn. (4.5) we observe that the apparent electrokinetic potential as cal¬ 
culated from the Smoluckowski formula will begin to decrease rapidly 
as the particle radius is reduced below io“® cm. The sizes of some of the 
particles used in electrophoresis measurements are often considerably 
h$s than iO“® cm. Some of the proteins, for example, are only 10-* to 
10cm. diam. 

A useful test of the above theory would be a determination of the 
rate of cataphoresis of particles of different radii; formula (3.1) would 
then give both { and a, for the concentration chosen. A measurement 
of streaming potentials by Rutgers* method using capillaries of the same 
material as the particles would then furnish an independent check of the 
values of { and <r,. A complication in the cataphoresis measurements 
would be provided, of course, by the higher order terms in eqn. (2.10). 
Owing to their complexity it seems that the only course open is to choose 
b sufficiently large to allow them to be neglected. This, of course, sets 
a lower limit on the size of particles on which measuiements could be 
made. 


Summary. 

The effect of surface conductance upon the rate of cataphoresis f/, of 
spherical solid particles in an electrolyte, is investigated theoretically. A 
generalisation of Henry's formula for the relation between U and the electro- 
kinetic potential taking into account surface conduction, is given. The im¬ 
portance of the effect on the interpretation of electrokinetic measurements is 
discussed, and suggestions made for experimental investigation. 

H, H, Wills Physical Laboratory, 

Bristol. 

STUDIES ON QUENCHING OF FLUORESCENCE. 

I. A CONTRIBUTION TO THE THEORY OF 
QUENCHING OF FLUORESCENCE. 

By K. Weber and M. Lokar. 

• Received 22nd December, 1947. 

The quenching of fluorescence in solutions by adding foreign matter 
is important from the theoretical point of view, besides having a certain 
practical significance. This is shown by the close theoretical relation 
which exists between quenching of fluorescence and inhibition of chemical 
reactions. Thus the problem of quenching of fluorescence becomes one 
of chemical kinetics. 

The theories of quenching of fluorescence, so far established, can be 
divided into two groups.^ To the first belong those in which the duration 
of the excited state of activated molecules (ions) has no influence on the 
amount of quenching because the molecules of the quencher (the foreign 
matter that quenches the fluorescence) are, certainly during the excita¬ 
tion and perhaps all the time, present in the sphere of action of the ex¬ 
cited molecules. In this group belong those mechanisms of quenching 

' See e.g. Wawilow, Acta Physica Polonica, 1936, 5, 417 • Bowen. Trans 
Faraday Soc., 1939, 35, 15. 
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postulated in the theories of polymerisation,® and of salting-out,® according 
to which the cause of quenching lies in the creation of molecular compounds 
between the quencher and the fluorescent matter.* These theories can be 
considered as static theories because according to these mechanisms the 
incapacity of the molecules of the fluorescent matter to re-emit absorbed 
light is due to a state of affairs existing before as well as after the exposure 
to light. 

In the second group of theories belong the theory of collisions of the 
second kind * and the theory of mutual reactions.^ In these, the life-time 
of the excited state of molecules activated by light plays an important 
role because it is necessarily assumed that the molecules (ions) of the 
quencher enter the sphere of action of the fluorescent matter only during 
irradiation. Such theories are called here kinetic theories and it has been 
shown that they apply successfully both the results and assumptions 
of the molecular kinetic theory as well as the theoretical interpretations 
of chemical macro-kinetics. 

It is significant that none of the different theories is universally ap¬ 
plicable, nor is able to explain all the known experimental data. Often, 
one or the other theory corresponds better with the experimental facts, 
depending on the system that is being examined and the conditions under 
which the experimental work is carried out. It might therefore be more 
correct to speak not of theories but of effects, e.g. of the polymerising effect, 
or the effect of collisions of the second kind, respectively. 

In the present paper we have tried to find an experimental method 
that would make it possible to establish whether a kinetic or a static theory 
could be applied. We briefly present here the results of measurements 
which have been carried out for this purpose. 

Experimental. 

Fluorescence is predominantly a property of organic compounds (dyestuffs, 
alkaloids), that are more or less specifically adsorbed by different adsorbents. 
In this process, they generally preserve their fluorescent properties, and these 
may often be enhanced in the adsorbed state. If the adsorption is effected 
in a solution that contains in addition to a dyestuff, a quencher of certain con¬ 
centration, it is expected that the dyestuff will always be adsorbed in the state 
in which it exists in the solution. In the case of a kinetic effect, the quenching 
takes place in a molecularly dispersed or ionised state ; in the case of a static 
effect, on the other hand, it forms either a polymer or a molecular compound 
with the quencher. In a kinetic effect the quencher will be ad.sorbcd alone ac¬ 
cording to its own properties and more or less independently of the presence of 
dyestuff. If we now suppose that the molecules (ions) of the quencher are 
adsorbed to a greater or less extent than the molecules of the dyestuff, that is 
that the components of the system are adsorbed unequally, the adsorption 
will cause a change in the occurrence of quenching in these systems. 

From the above, it follows that the behaviour of fluorescent systems (of 
dyestuffs and quenchers) adsorbed by some solid adsorbents, serves as an in¬ 
dication of whether the quenching has been caused by static or kinetic effects. 
With static effects, the dissolved system and the adsorbed system will show 
quantitatively the same dependence of the intensity of fluorescence on the con¬ 
centration of the quencher. With kinetic effects, on the contrary, there will 
be a great difference in quenching between the two systems. In the latter 
case, a much greater effect of the quencher upon solutions than upon adsorbents 
can be generally expected. In our experiments we used as adsorbents filter- 
paper (Schleicher-Schull, " White band," of 9 cm. diam.). They were immersed 

* Walter, Wied. Ann., 1888, 34, 316; Lewschin, Z. Physik, 1927, 43, 230; 

1931. 368, 382. 

* Banow, ibid., 1928, 58, 811 ; Z. physik. Chem. A, 1933, 163, 172. 

* See Danckwortt and Eisenbrand, Luminescenzanalyse (Leipzig, 1940), p. 65. 

® Wawilow, Z. Physik., 1928, 50, 52 ; 1929, 53, 665. Frank and Wawilow, 

ibid., 1931, 69, 100. Perrin, Compt. rend., 1924, 178,1978, 2252 ; 1927, 184,1121. 

* Baur, Z. physik. Chem. B, 1932, 16, 465. Franck and Lewi, ibid., 1934. 
37, 409. Schneider, ibid., 1935, 38, 311. Weber, ibid., 1935, 30, 69. 
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in a solution (lo cc.) of dyestuff and quencher of known concentration, taken 
out after several minutes, dried and their fluorescence measured under ultra¬ 
violet light. Simultaneously, the fluorescence of solutions of equal concentra¬ 
tions of the dyestuffs and quenchers was measured and the concentration of 
the quencher systematically altered, the intensity at each concentration being 
measured while the concentration of the quencher remained constant. 

The intensity of fluorescence of the dyestuff was measured in arbitrary 
units, i.e. as % of the intensity of the dyestuff with the quencher absent. A 
photo-electric fluorometer, the principle of which has been described earlier, 
was used.’ A Philora Hg lamp (HPW), the glass of which was stained with 
nickel-oxide, served as the source of light, and filters used for the absorption of 
red- and ultraviolet light passing through the solutions of dyestuffs (Schott 
BGio and (Schott GG lo) giving, therefore, mainly the 366 m/i line. The photo¬ 
electric apparatus was a selenium photo cell used in conjunction with a multiflex- 
galvanometer having a sensitivity of 1*9 x lo*"* amp. per scale unit. The ex¬ 
periments were carried out at room temperature. 



Uranine (1 x ro~® mol./I.), quinoline red (ixio“^ mol./I.) and sodium-naph- 
thionate (4*10 ^ mol./I.) in aqueous solution were used as fluorescent substances. 
Their fluorescence was quenched by adding potassium halides and rhodanide 
and with organic compounds of mono-, or poly-phenols as well as aniline. 

Fig I shows graphically the results obtained by quenching the fluorescence 
of uranine (the sodium salt of fluorescein) with potassium iodide. Curve i refers 
to the measurements in solutions, and curve 2 to the dyestuff adsorbed on paper. 
It is seen that KI vigorously represses the fluorescence of dissolved uranine but, 
on the contrary, has no -fleet upon the adsorbed dyestuff, thereb}^ showing the 
kinetic effect of a free iodine-ion. The effect does not become manifest in the 
adsorbing paper because KI, or 1 “ respectively are considerably less adsorbed 
than uranine. The ions of other halogens as well as rhodanide ions also act in 
the same way upon the fluorescence of uranine. Of the organic quenchers used, 
phenol, o-cresol and aniline give also kinetic effects. Aniline vigorously quenches 
the fluorescence of dissolved uranine but has little effect if uranine is in the 
adsorbed state, although it was possible to detect a certain extinction in this 
state (Fig. 2). 

Polyphenols, such as hydroquinone, pyrocatechol and pyrogallol quench 
to the same extent the fluorescence of uranine in the dissolved and adsorbed 
state. Fig. 3 shows the results obtained for the system uranine -f j)yrogallol. 

* Weber, loc, cit. 
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We see that the curves have the same shape and differ veiy little. Similar results 
were obtained when quenching the fluorescence of uranine with the other poly- 



Fig. 2. 

phenols mentioned above. In these cases, the quenching is therefore due to 
static effects, consisting in the formation of molecular compounds between uranine 
and polyphenols. Such molecular compounds are not able to fluoresce and are 



Fig. 3. 

adsorbed approximately to the same extent as uranine itself and therefore, as 
regards the aptitude for fluorescence, the same circumstances prevail on ad- 
sorbeiit paper as in solutions. The curves do not agree exactly probably because 
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there is still a small difference between the adsorption of uranine and the molec¬ 
ular compound of uranine and the polyphenol. 

In cases of the static effect, on comparing the concentration of uranine with 
concentrations of the quencher, it is seen that the latter in all cases are consider¬ 
ably gfeater than the concentration of the dyestuff. This is shown by the values 
in Table I, where the semi-concentrations " of quenchers (c), are given : i.e. 

TABLE I.— Uranine: i x io“* mol./l. 


Quencher. 

c. 

In Solution. 

On Paper. 

Hydroquinone . 

0*021 

0*018 

Pyrocatechol . 

0*023 

0*021 

Pyrogallol 

0*024 

0*021 


those molar concentrations of the quencher where the intensity of the fluorescence 
of uranine is reduced to half the value of that obtained in the absence of the 
quencher. These semi-concentrations are in all cases about 20-times greater 
than the concentration of uranine. That means that half the molecules of 
uranine form molecular compounds if the concentration of the quencher is 20- 
times greater or more. This, however, does not mean that so large a number 
of molecules of the quencher have combined with one molecule of uranine in 
these aggregates ; on the contrary it is much more probable that there exist 
simple stoichiometric relations in these molecular compounds. A large excess 
of one component (i.e. of the quencher) is necessary because the molecular 
compounds in the solution easily dissociate into their components and, with 
increase of concentration of the quencher, the formation of the molecular com¬ 
pound is favoured. The curves, representing the quenching of fluorescence are 
therefore dissociation curves of the molecular compound of uranine and quencher. 

In connection with this, it is significant that the usual equation 


— 4>o 


I 

1 pc 


(I) 


(^0 == intensity of fluorescence in absence of quencher, </> ~ intensity of fluor¬ 
escence with concentration c of the quencher, /3 — constant) that has been 
established both empirically and theoretically from the theory of collisions 
of the second kind,* as well as from the theory of mutual reactions,® can also 
be deduced from the general laws of chemical equilibrium.^® 

With the systems examined, this equation was always applicable in those 
cases where there was no question of the presence of a kinetic effect. This is 
shown by the numerical values of Table II for the systems, uranine -f KBr and 


TABLE II.— Uranine: ixio“* mol./l. 


Concentration of 

KBr. 

KCNS. 






mol./l. 

4. 





i 

100 


100 


0*1 

88*8 

1*26 

91*5 

0*92 

0*3 

75*2 

1*09 

78*8 

0*90 

0-5 

64-5 

I*H 

66*4 

1*01 

0*7 

58-6 

1*07 

57*5 

1*06 

0*9 

52-6 

1*00 

54-2 

0*94 


Mean : == I’lo /5 = 0*97. 


• Wawilow, loc. cit. 

• Ouellet, Can, Chem. Metall,, 1932, 16, 168,. Weber, loc. cit. 

Katheder, Kolloid-Z., 1940, 299 ; 1940* 93 » 28. 
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uranine + KCNS. For static effects of quenching in solutions and on paper, we 
have found that the equation is only approximately valid (Tables III and IV) 
because the " constant ” in these cases, though small, steadily increases with 
increase in concentration of the quencher. The fact that equation (i) is not 
strictly valid in these cases, becomes understandable if it is noted that Katheder, 
in deriving the equation from the law of mass action, finally reached the general 
equation of quenching of fluorescence (i) only after carrying out considerable 
simplifications. 

Using quinoline red we were unable to effect the quenching due to kinetic 
effects. Of halogen ions, only the iodide ion (KI) quenches the fluorescence of 
this dyestuff ; here the curves of quenching in solutions and on paper, though 
rather similar, still do not agree even approximately (Fig. 4). We consider this 



Fig. 4. 

to be a static effect, due to salting out, since by adding larger quantities of KI, 
after standing for a longer time, a dark red sediment appears in the solution. 
This sediment can be “ salted-out ” dyestuff (perhaps a polymer, or the salt 
(iodide) of quinoline red). Even so, with weaker concentrations of iodide ions, 
permanent aggregates without the ability to fluoresce are formed in the solution. 


TABLE III.— Uranine: i x io~® mol./l. 


Tocatechol 


p- 

inol./l. 

In Solution. 

On Paper 

In Solution. 

On Paper. 

_ 

100 

100 

_ 

_ 

0*01 

70*4 

67*0 

42*0 

49*2 

0-03 

43*5 

39-5 

43-3 

51*0 

0*05 

29-5 

28*0 

47-8 

5 J [*4 

0*07 

21*5 

21-5 

52-1 

53*7 

0-09 j 

i6*o 

15*2 

58-3 

6i*9 


We were able to confirm the effect of salting-out in other experiments, using 
water with the addition of 50 % methyl alcohol as solvent. Methyl alcohol 
was added in order to prevent the formation of any trace of sediment by the 
iodide. In these experiments, it was found that KI quenches the fluorescence 
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of the quinoline red considerably less effectively in the presence of methyl 
alcohol than in solutions in pure water. Alcohol increases the solubility of the 
dyestuff and so lessens the salting-out effect. In addition we were able to show 


TABLE IV. —Uranine : i x io~* mol./l. 


Pyrogallol 

mol./I. 




In Solution. 

On Paper. 

In Solution. | 

i 

On Paper. 

_ 

100 

100 



0*01 

69-3 

64-8 

14-3 

37*9 

0*03 

42*3 

41*5 

45*4 

46*8 

0*05 

29*5 

25*2 

47*4 

59*3 

0*07 

21*2 

i6*7 

53*1 

7 I-I 

0-09 

1 

ib'O 

II -7 

5«*3 

8v8 


that equation (i) is only approximately valid (see Table V) because the values 
of the constant p decreased with the increase of the concentration of potassium 
iodide. The equation deduced by Banow,i^ in his theory of fluorescence as a 
consequence of salting-out, and experimentally proved for some systems,viz. : 

log^“ A.VfKlJ,.(2) 

is in much better accord with the results. 


TABLE V. —Quinoline Ked in Water -|- 50 % CH3OH. 


Kl mol./l. 


from cqn. (r). 

i 

k from eqn. {2). 

_ 

JOO 



0*03 

77-0 

9*93 

0'<>55 

0*05 

68-5 

9*20 

0*735 

O’lO 

56-4 

7-73 

0*786 

0*15 

48-6 

7*05 

0*809 

0*20 

44-4 

6-2 b 

j 0*788 


Of organic quenchers, the effect of hydroquinone, pyrogallol and phenol on 
the fluorescence of quinoline red was examined. It was found that hydroquinone 
and p3rrogallol quench the fluorescence in accordance with the static theories 
by formation of molecular compounds of the quencher and dyestuff. The curves 
of quenching in solution and on paper are practically identical and the semi- 


TABLE VI.— Quinoline Reo in Water : i x 10-* 
MOL. /l. 


Quencher. 

c. 

In Solution. 

On Paper. 

Hydroquinone . 
Pyrogallol 

0*017 

0*022 

o*oi6 

o*oi8 


concentrations of quenching (c) in order of size agree with the corresponding 
values of quenching of the fluorescence of uranine (see Table VI). The curves 
of quenching in solution and in the adsorbed state with phenol and quinoline 
red are different, but we cannot conclude with certainty that these are cases of 
quenching by kinetic effects. ^ 


Banow, he. cit. 
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The fluorescence of sodium naphthionate was quenched with hydroquinone, 
pyrogallol and aniline. In all these cases we consider the quenching to be, 
without doubt, by kinetic effects. The curves of quenching in solution and in 
the adsorbed state are different (see Fig. 5) and in addition equation (i) is strictly 



Fig. 5. 

valid for the solutions. That can be clearly seen in Table VII which shows the 
constancy of the value p for systems of sodium naphthionate with hydroquinone 
and aniline. It is significant that polyphenols, which quench other fluorescent 
matters by static effects, produfce kinetic effects in this case. The cause of 
quenching is therefore in all cases a function of the physico-chemical properties 
of both components of the system, i.e. of the dyestuff and of the quencher. 


TABLE VII.— Sodium Naphthionate 4*0 x lo"® mol./l. 


Hydroquinone 
mol./I. 



Aniline 

mol./l. 



_ 

100 





0*01 

82-2 

21»6 

0-032 

49*2 

32-3 

0*03 

6 i*2 

2 I*I 

0-096 

24-4 

32*3 

0*05 

49*0 

20*8 

0-160 

16-6 

31*4 

0*07 

37*3 

24*0 

0-224 

II -5 

34*4 

0*09 

34 *^ 

21-3 

0-288 

lO-O 

31*3 


Mean : /3 = 21*7. p ^ 32*3. 


Summary. 

By parallel measurements of the quenching of fluorescence of dissolved 
systems and systems in the adsorbed state, it is possible to draw conclusions 
regarding the mechanism of quenching. With kinetic effects (collisions of the 
second kind, mutual reactions), the curves obtained for solutions and for ad¬ 
sorbed systems are different; with static effects (polymerisation, salting out, 
molecular compounds) the curves for the dependence of the intensity of fluor¬ 
escence upon the concentration of the quencher are identical. With kinetic 
effects, the general equation of quenching is always strictly valid. With static 
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effects this equation is only approximately valid, while in some cases Banow's 
equation, containing the square root of the concentration of the quencher, is 
valid. The mechanism of quenching is conditioned by physico-chemical pro¬ 
perties of the fluorescent matter (dyestuff) as well as of the quencher. 

Medical Faculty, 

University of Zagreb, 

Yugoslavia, 


THE DEHYDROGENASE ACTIVITY OF 
BACT. LACTIS AEROGENES. 

By a. M. James and C. N. Hinshelwood. 

Received 2nd January, 1948. 

The object of the experiments to be described is to investigate further 
the degree of correlation existing between growth of bacterial cells and 
their dehydrogenase activity. There is a quite well-defined parallelism 
between the dehydrogenase activity, estimated by the Thunberg Methylene 
Blue test, of Bact. lactis aerogenes towards various carbon sources and 
the adaptation of the bacteria to utilise these in growth, all the stages 
of training to utilise glycerol being, for example, reflected in the changes 
of the enzyme activity.^ This work is now extended by a consideration 
of the following problems. 

(1) When a culture of Bact. lactis aerogenes ages under various con¬ 
ditions, and the cells develop a lag on transfer to fresh medium, what 
connection exists between this lag and tJie previous decay of the de¬ 
hydrogenase activity ? Conversely, when old cells pass through the 
lag phase in a new medium, at w'hat stage does the dehydrogenase activity 
recover ? 

(2) During the decay and recovery of enzyme activity, what degree 
of parallelism is there between the variations of different dehydrogenase 
functions of the same cells, for example, the activity towards glucose 
and that towards glycerol ? 

(3) Wliat action have growth-inhibiting drugs, such as sulphanilamide 
and proflavine, upon the dehydrogenase activity, and, where there is 
an inhibitory effect, is it removed by training of the cells to grow in 
presence of the drug ? 

Experimental Results and Discussion. 

Changes In Dehydrogenase Activity during the Ageing of Cells. —The 

method of working was as tollows. A strain of Bad. lactis aerogenes of known 
history (explained later) was inoculated into a litre of test medium and allowed to 
grow, with aeration, at 40” c., samples being examined at intervals to ensure that 
the growth was following the normal course. When the culture was full-grown, 
and at suitable intervals afterwards during the process of ageing (for about 
7 days), 75 ml. samples were removed and tested (at 40° c.) for dehydrogenase 
activity. For this purpose they were centrifuged, washed and re-centrifuged 
three times, and finally suspended in normal saline, the count being adjusted to 
7'5 X 10® cells/ml. At a standard time after the preparation of the suspension 
(though the results are insensitive to the precise value of this time) it was tested 
by the Thunberg method. Glucose and glycerol at a concentration of M./5 
were normally employed as substrates and were buffered with a phosphate buffer 
to a pn of 7*12. The reciprocal of the time required for the Methylene Blue 
to be 90 % decolorised is adopted as a measure of dehydrogenase activity. In 

' Davies and Hinshelwood, Trans. Faraday Soc., 1047, 43, 257 ; Cqpke and 
Hinshelwood, ibid., 1947, 43f 733 ; Postgate and Hinshelwood, ibid., 1946, 
43, 45 - 
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the actual test i ml. of the suspensions was mixed with 2 ml. phosphate bufEer^ 
2 ml. M./2 glucose and o-i ml. Methylene Blue, i g./l., in hollow-stoppered Thun- 
berg tul^s previously evacuated and filled with nitrogen. 

The experiments on the decay of the activity during ageing fall into several 
series according to the history of the cells and to the nature of the medium in 
which the ageing process is allowed to occur. 

(a) In the first series the cells had been repeatedly grown in the usual 
phosphate-glucose-ammonium sulphate medium, and had not been trained to 
use glycerol. They were allowed to age in the growth medium itself. The 
glycerol activity was much smaller than the glucose activity but the two de¬ 
cayed from their respective maxima exactly in parallel. If the time is measured 
from the height of the activity, the decay is found to be exponential, as shown 
by the results in Table I. For both substrates the time of half-decay is 25 hr. 

TABLE I. 


Age of Cells 
(hr.). 

i 

T 

(hr.). 

(I/A) X 10 * 

Glucose 

(i/A)x 10 * 

Glycerol 

Calc. 

Obs. 

Calc. 

Obs. 

10 

0 

7*5 

7*5 

1*0 

1*0 

20 

10 


5*5 

«*75 

0*78 

30 

20 


4*2 

0-56 

o-6o 

40 

3 « 

3*1 

3*0 

0-42 

0*45 

.50 

40 

2*3 

2*0 

0*31 

0*30 

60 

50 

1*7 

1*2 

0-23 

0*20 

TOO 

90 

0*5 

«’3 

0*07 

o* 10 


If A/ is the Methylene Blue decoloration time (in min.), and T the age (in lir.) 
measured from maximum activity, then 

I jM = A c-bl\ 

where A -- 7*5 x lo-^ for the glucose function 

A — i ‘0 X io~^ for the glycerol function, 
but b ~ 0*029 for functions (see Table 1 ). 

(6) In the next series the cells had been previously trained by lepcated 
subculture in a glycerol medium and the ageing occurred in this .same medium. 
Once again the decay was exponential from a point soon after the maximum, i.e. 

i/At = A e-bT, 

where ^ = 9*0 x io~* for glycerol and 4*9 x 10“^ for glucose, 
h — 0*034 for both, 

(c) In the third series the cells had been grown repeatedly in the glucose 
medium, and, without previous adaptation to the glycerol medium, were cultured 
for the first time and allowed to age in it. At the height of their activity the 
cells in this experiment would be partially adapted to glycerol, but, as is known 
from previous experiments, the adaptation acquired in a single cycle of growth 
is unstable and easily lost. Correspondingly, the decay of the glucose and 
glycerol functions no longer keep pace with one another as in (a) and (6). The 
glycerol activity is initially greater than the glucose activity, but decays more 
rapidly, the two curves crossing at about 90 hr. The actual decay constants 
were initially 0*024 for glycerol, falling later, and a value, not accurately ob¬ 
tained but very considerably less for glucose. In this medium the pH remains 
in the region of 6*0. What is measured is, in effect, not a true decay, but a loss 
of the unstable initial glycerol adaptation. 

(d) Various experiments were made on the effect of adding small amounts 
of a preparation of co-enzyme I, and of sterile filtrate from fully grown cultures 
of Bad. lactis aerogenes. None of these additions had any significant effect 
either on the test itself or on the rate of ageing of the culture, although cor¬ 
responding additions quite markedly shortened the lag phase of inocula trans¬ 
ferred to fresh media containing them. 

{e) Cultures grown in the glucose medium acquire an acid pH, namely about 
4*6. The value for those first subcultured in glycerol passes through a minimum 
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of about 5*8 and finally rises to about 6*3. To find out the influence of pn on 
the ageing process, washed suspensions in various phosphate buffers were pre¬ 
pared and allowed to age, with tests over a period of about 14 days. (The samples 
for test were all re-centrifuged and suspended in the usual test medium.) The 



Fig. I. —Decay of glucose dehydrogenase activity in buffered saline. 

Cl 6*55 ; Q pn, 7*65 ; • pn, 5*60 ; O 4 ‘ 90 - 

results are shown in Fig. i. The time of half-decay is plotted against pn in 
Fig. 2. It is evident that the acid pn of cultures ageing in the parent medium 
is the main factor determining their rapid decay. 



Fig. 2,—Time of half-decay in saline at different />h’s. 

Relation between Decay of Dehydrogenase Activity and the Development 
of Lag in Ageing Cultures. —In many of the experiments described in the pre¬ 
vious section, inocula of o*i ml. were taken at intervals from the ageing cultures 
and transferred to fresh glucose medium, the lag being determined in the usual 
way. This lag could then be correlated with the state of the glucose dehydro¬ 
genase activity of the parent. As shown in Fig. 3, the lag, L, increases in a roughly 
linear manner over a considerable range of age, T. dLfdT is about 0*14 for 
the series referred to under (a) in the last section. 

It might have been supposed that the lag represented the time required for 
the repair of the decayed dehydrogenase system, and it might further ^ve been 
supposed that the latter would repair itself at the normal rate of ceu growth. 
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Suppose an amount is needed before cell growth can start. After decay for 
a time, 7 ', the amount left will be given by 

X = XQe-bT, 

where b is the decay constant. If repair occurs during the lag at a rate given by 

Xq = xe^L^ 

we shall have bT — kL 

or dL/dr = bjk — (mean generation time)/(time of half-decay) 

= 0*5/25 == 0*02. 

Thus the lag develops about 7 times as rapidly as this simple view would suggest. 
The mechanism of development is in fact probably quite different, and depends 
more on the loss from the cell of essential intermediates than on actual enzyme 
decay. The former process can of course occur much more rapidly. 

In the set of experiments where washed cells were allowed to age in a series 
of saline buffers, measurements were made of the lags of inocula transferred to 
fresh medium at various stages. Here again, there was a fairly rapid increase 



Fig. 3.—Lag-age curve of glucose-trained cells. 

in lag during the early part of the ageing process—more rapid than could be 
accounted for by the decay of the dehydrogenase activity. This period was 
followed by a very long phase in which no further increase of lag occurred. 

Recovery of Dehydrogenase Activity. —The principle of the next series of 
experiments was as follows. Cells were allowed to age until the dehydrogenase 
activity had fallen to a negligibly small value. They were then centrifuged 
and washed, and a large inoculum was transferred to a litre of fresh medium kept 
at 40° c., with gentle aeration. The cell count was fairly large, about 7*5 X lo’/ml., 
so that the Thunberg test could be carried out at intervals on 75 ml. samples 
after the usual centrifuging and washing. The course of the recovery of the 
dehydrogenase activity could thus be observed. 

In the first set of measurements, cells previously cultured and aged in the 
glucose medium were transferred, in the way described, to a fresh supply of the 
same solution. The total time of lag was 15 hr. The glucose-dehydrogenase 
activity showed no detectable increase during this period. As soon as growth 
set in, however, it rose rapidly to a maximum, as shown in Fig. 4. 

The initial viability of the culture, as determined by a method previously 
described * was 10-20 % only, and the question arises whether this fact weakens 
the conclusion that no important recovery of the dehydrogenases occurs during 
the lag phase. Actually it strengthens it as the following argument shows. 

* Lodge and Hinshelwood, J. Chem. Soc., 1943, 213. 
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Suppose, for example, that the initial count in arbitrary units is 99 for the dead 
cells and i for the living ones, and suppose that the limit of detection is i unit. 
Growth is recognised to have begun when the count reaches loi. Recovery of 
the enzyme activity is now just measurable for the first time, and, on the basis 
of total count, we conclude that it did not precede the onset of growth. If, 
however, the viability relations are taken into account, the detectable recovery 
is recogfnised to have required not the i % of cell increase from 100 to loi but 
100 % from I to 2, the only change in our conclusion being that for recovery 
even more growth is required than that estimated on the basis of the total count. 

Various series of determinations were made on the recovery of glycerol 
dehydrogenase activity in cells which had been grown and aged in the glucose 
medium, and then allowed to recover in this same medium, always in the absence 



Fig. 4. —Recovery of the glucose function of the dehydrogenase activity of 
cells trained, aged and finally regrown in glucose. 

O Growth curve. # Dehydrogenase activity. 

of glycerol. The general result was that the comparatively small glycerol activity 
did not necessarily recover to its original value until after several fresh sub¬ 
cultures. The imperfect recovery after long ageing is shown by the following 
numbers. 


History of Cells. 

Maximum Activity (i/A< X lo*). 

Glucose. 

Glycerol. 

Original glucose-trained culture . 

9*1 

3*7 

Aged for 113 hr. and then re-grown in 
glucose ...... 

8-1 

3*0 

Aged for 215 hr. and then re-grown in 
glucose ...... 

8-1 

1*7 


In the course of further subcultures in the glucose medium, the glycerol activity 
showed a slight upward trend with fluctuations. 

The next series of measurements were made on a strain of cells grown in 
the glycerol medium after previous thorough training to it. The activity was 
allowed to decay, and a washed suspension transferred to fresfi glycerol medium. 
No recovery of enzyme activity towards either glycerol or glucose occurrdCi during 
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the lag phase. After this the two activities increased in a moreH>r-less constant 
ratio (Fig. 5). The glycerol activity had regained its full value by the end of 

the logarithmic phase, but the glu¬ 
cose activity, although considerable 
at the end of the first subculture, 
only regained its full value at the 
end of a further growth cycle. 

Discussion of Experiments 
on Decay and Recovery. 

The answers to the first two 
questions raised in the introduc¬ 
tion seem now to be as follows. 

(i) The initial development of 
lag as the culture ages is more 
rapid than the decay of the de¬ 
hydrogenase enzymes. It appears 
to be associated with the loss of 
intermediates from the cells. 
With increasing age, cultures not 
infrequently show a rapid increase 
of lag, then a long period of more- 
or-less constant lag and finally a 
catastrophic increase ending in 
complete sterility. It is the latter 
phase which probably corre¬ 
sponds to destruction of enzymes. 
It was conceivable that the re¬ 
covery of dehydrogenase activity 
Fig. 5.—Recovery of glucose and glycerol constituted an essential operation 
dehydrogenases of cells trained, aged to be completed during the lag 
and regrown in glycerol. phase in a new medium. This 

appears not to be so, since there 
is no appreciable recovery until after active growth lias started. 

(2) In stable cultures, that is, in cultures which have previously become 
fully adapted to the substrates in which they grow, glucose and glycerol 
activity vary in parallel, whichever carbon source is provided in the actual 
medium used. On the other hand, when the cells are not stably adapted, 
the two kinds of activity no longer keep in step, loss of adaptation being 
superposed on normal decay. 

The tentative conclusion from this is that the glycerol function depends 
upon a modification imposed upon the enzyme responsible for the glucose 
function. When this modification is '' ironed in ” as it were, the enzyme 
activity decays and recovers as a whole. An unstable modification may 
be gained or lost independently. 

Inhibition of the Dehydrogenase System by Drugs. 

As a further means of examining the correlation between growth and de¬ 
hydrogenase activity the inhibition of the latter by drugs was next studied. Here 
the situation is a little complicated by the fact that tlie inhibitory action of the 
drug is a function of the time for which it has been in contact with the cells. 

In the first experiments, a known amount of the drug was added to the 
buffered glucose-Methylene Blue system in the longer arm of the Thunberg 
tube, the washed cell suspension was added from the side-arm after the tube 
had been filled with nitrogen, and the decoloration time observed in the usual 
way. . High enough drug concentrations lengthened the time, but the results 
were irreproducible. The procedure was then modified. The contents of the 
longer arm of the Thunberg tube were : 2 ml. KHjPO^ solution (9 g./l.) buffered 
to /)H = 7*12 ; X ml. drug solution, (2 — x) ml. distilled water, i mi. washed 
cell suspension (9 x io*/ml.). The side-arm contained i ml. glucose solution 
to which the Methylene Blue had been added to a final concentration of 24 mg./I. 
The cell suspension, obtained from a culture at an age of 5*5 to 6 hr., was allowed 
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to remain in contact with the drug at 40° c. for measured periods of time before 
the glucose and Methylene Blue were added. The decoloration time was then 
determined. The experimental results are best considered under the heading 
of the individual drugs. 

Proflavine. —Fig. 6 shows a typical set of results obtained with a normal 
strain of Bact. lactis aerogenes. The reduction times. At, are plotted against 



Fig. 6.—The dehydrogenase activity of normal cells tested in the presence of 
proflavine. (The figures on the curves are the times of contact of the re.sting 
cells with the proflavine before the activity was determined. 

# 10'; 3 20'; © 38': O 60'; |) 93'; ^ 183'; © 363'.) 

the proflavine concentration in the test, m. The numbers beside the individual 
lines are the times of contact, 'J\, of the cells with the drug before the start of 
the dehydrogenase test. For comparative 
measures of the inhibitory action, it is con¬ 
venient to record the concentration of the 
drug required to reduce the dehydrogenase 
activity to one-fifth of its original value. 

Thus, if At is the reduction time of a con¬ 
trol test without drug, then is defined 
as the drug concentration corresponding to 
a reduction time of 5A^. Fig. 6 shows 
that with short times of contact a high 
concentration is necessary to produce the 
five-fold lengthening and that falls 

rapidly with Tg. Numerical results are 
given in Table II. 

The graph of against i/T^ is a 

straight line (Fig. 7), so that 

• • (*) 

Repetition of the experiments with proflavine-trained cells gave curves similar 
to those of Fig. 6 but displaced along the axis of drug concentration. Eqn. (i) 
still held but the value of C increased with increasing values of in the concentra¬ 
tion of drug at which the cells had been trained (Table III). 

For a standard time of contact with the cells the concentration of proflavine 
necessary to cause the five-fold increase in reduction time increases with m 


TABLE II. 


Time of Contact with 
the Drug {Tc) 
(min.). 

(mg./I.). 

10 

800 

20 

550 

38 

230 

60 

187 

93 

140 

183 

62 

363 

45 

1175 

20 


33 
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(Table IV). Similarly, for the standard inhibitmn with a given concentration 
of proflavine, the time of contact increases with m. 


TABLE III. TABLE IV. 


Training 

Concentration 

m 

(mg./l.). 

C. 

hi. 

(for 30 min. 
Contact Time), 

0 

10700 

0 

220 

15O 

13300 

15b 

280 

313 

25000 

312 

500 

1540 

25000 

1540 

500 



Fig. 7. —Curves showing 1 plotted against for strains trained to various 
proflavine concentrations. (The figures on the curves show the value of the 
proflavine training concentration.) 

Potassium Tellurite. —The results found with this substance were gener¬ 
ally similar to those found with proflavine (compare Fig. 8«?), The values of 

the constant C of eqn. (i) are given in 
TABLE V. Table V. 

Methylene Blue. —The cells were 
allowed to remain in contact with 
Methylene Blue before the test. For 
untrained cells the value of C was 3600 
and for cells trained at 78 mg./I. it was 
6600. 

SuLPHANiLAMiDE. — Sulphanilamidc 
at concentrations up to 1500 mg./I. 
had no effect on the dehydrogenase 
activity even after 20 hr. contact. 

Other Drugs. —A less detailed examination was made of certain other drugs, 
the time of contact being simply that of the test itself. The results are given 


m. 

C. 

0 

9900 

15b 

26200 

312 

36000 
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in Table VI. Various other substances showed no inhibitory effect, under the 
conditions stated, up to the concentrations (mg./I.) given in brackets in the 
following list; chloroform (440), sodium azide (8300), tert.-hutyl alcohol (8300), 
sodium nitrite (8300), hydroxylamine (270), capryl alcohol (170), quinine (1500), 
veronal (1000). 

Table VI shows the concentration required (contact time confined to test 
itself) to reduce the dehydrogenase activity to zero, and, for comparison, an 
estimate of the concentration required to cause an infinite lag. The latter is 
seen to be much smaller. 



Fig. 8 .—Cross training. 

{a) Trained to Methylene Blue, tested in proflavine. 

(b) Trained to potassium tellurite, tested in proflavine. 

(r) Trained to proflavine, tested in Methylene Blue. 

(d) Trained to proflavine, tested in potassium tellurite. 

Gross Training. —Previous work has shown that Bad, ladis aerogenes trained 
to resist the action of amino acridines shows increased resistance to the anti¬ 
bacterial activity of Methylene Blue, but not to the action of sulphonamides. 
Training to sulphanilamide confers resistance to sulphaguanidine and vice versa, 
but sulphanilamide training does not confer resistance to proflavine. In this 
previous work the criteria of training were growth rates and lags. Experiments 
on “ cross adaptation ” have now been extended to include measurements on 
the dehydrogenase system. 

Fig. 8a shows the results obtained for cells trained to Methylene Blue and 
tested in proflavine, the broken lines showing, for comparison, against 

ijTf lor cells trained (and tested) in proflavine. Cells trained to a low 
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concentration of Methylene Blue exhibit little immunity to proflavine but those 
trained to higher concentrations do exhibit considerable cross adaptation. 
Similarly, cells trained to proflavine possess a considerable resistance to Methylene 
Blue (Fig. 8c). 

Fig. 8i» shows that cells fully trained to 312 mg./I. potassium tellurite are 
not trained at all to proflavine so far as the inhibition of the dehydrogenase 

TABLE VI. 



Cone, required for Zero 
Dehydrogenase Activity. 

Cone, required for 
Infinite Lag. 

Proflavine .... 

900 

50 

Methylene Blue 

300 

85 

Potassium tellurite . 

260 

9 

m-Cresol .... 

2500 

800 

Phenol ..... 

4500 

1600 

Sodium fluoride 

1600 

— 

Mercuric chloride 

I‘0 

0*4 

Formaldehyde .... 

1100 

15 


system is taken as the criterion. On the other hand. Fig. M shows that training 
to 1540 mg./l. proflavine gives considerable resistance to potassium tellurite. 

Discussion of Results on Drug Inhibition. 

The answer to the last of the questions raised in the introduction may 
now be considered. It appears to be that there is a general parallelism 
between the action of drugs on dehydrogenase activity and their action 
on growth, but that there is nothing like a quantitative correspondence. 
The general shape of the curves representing reduction time as a function 
of proflavine concentration (Fig. 6) is quite similar to that of the lag' 
concentration curves shown in previous papers,® but the concentration 
at which the reduction time and the lag respectively tend towards in¬ 
finity differs widely for the two cases. Nor, in view of the pronounced 
time effect in the action of the drug on dehydrogenases, could any 
quantitative agreement be expected. 

The response to training is similar for growth and for dehydrogenase 
activity, both functions easily becoming resistant to the action of such 
drugs as proflavine and potassium tellurite. Here again there are quan¬ 
titative differences. In so far as dehydrogenase activity is concerned, 
there is a limit in the response to training, the results for m == 312 being 
indistinguishable from those for m — 1540. In respect of lag, marked 
increase of adaptation occurs over this range.* 

A well-defined correlation between growth and dehydrogenase activity 
is evident in the experiments on cross adaptation. The reciprocal rela¬ 
tions of proflavine and Methylene Blue correspond qualitatively to those 
found in the work on the lags.® In the present work, certain proflavine- 
trained strains showed resistance to potassium tellurite, but the tellurite 
strains showed no appreciable training to proflavine. The corresponding 
lag-concentration curves had not previously been determined, but special 
experiments showed that, here again, there was a qualitative cor¬ 
respondence. 


Summary. 

There is a general correlation between the dehydrogenase activity of Bact. 
lactis aerogenes towards glucose and glycerol and the growth of the cells in media 

® Davies, Hinshelwood and Pryce, Trans. Faraday Soc., 1945, 41 > 163. 

* Davies, Hinshelwood and Pryce, ibid., 1945, 41» 778. 

® Pryce, Davies and Hinshelwood, ibid., I945» 4 i> 465. 
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containing these substances. The dehydrogenase activity decays as the culture 
ages, but the rate of decay is not great enough to account for the development 
of the lag, which must be attributed to other causes. During the lag phase of 
old cells there is no appreciable recovery of the enzyme activity which only be¬ 
comes important during the period of active growth. In cultures fully adapted 
to a given growth medium, the dehydrogenase activity towards glucose and 
glycerol decay and recover in parallel, whichever substrate is provided in the 
medium actually used. With unstably adapted cells the two kinds of activity 
may not keep in step. 

The effect of drugs on dehydrogenase activity is a function of the time of 
contact. For a given value of the latter the curve of Methylene Blue reduction 
time against drug concentration is similar in form to that of lag against concen¬ 
tration, but in general the drug concentrations needed to inhibit the enzyme 
activity are much higher than those which prevent growth. Training of the 
cells induces resistance to the action of the drugs on dehydrogenase activity 
as well as on growth. Cross adaptation phenomena are in evidence. The 
parallels, however, are qualitative rather than quantitative. 

Physical Chemistry Laboratory, 

Oxford University. 


THE DECOMPOSITION, BOILING AND EX- 
PLOSION OF TRINITROTOLUENE AT 
HIGH TEMPERATURES. 

By A. J. B. Robertson. 

Received igth January, 1948. 

The instability of 2 : 4 : 6-trinitrotoluene (TNT.) at high temperatures, 
as exemplified by its spontaneous explosion, is well known, but few de¬ 
tailed observations of the thermal decomposition and vaporisation pre¬ 
ceding the explosion are to be found in the literature. Such data are, 
however, of some interest in the fundamental study of the thermal sensi¬ 
tiveness of explosives. 

Experimental. 

Material. —A commercial TNT., m.p. 80*5'’ c,, containing approximately 
99 % of a-TNT. was used for the decomposition and ignition experiments. 
a-TNT. was prepared from this by repeated recry.stallisation from cone. H2SO4. 

Measurement of Decomposition Rate. —The decomposition preceding 
explosion was examined in Pyrex glass reaction bulbs, nitrogen, hydrogen or air 
being present at atmospheric pressure to reduce distillation of the liquid from 
the hot zone. The methods for rapid heating of the sample of explosive and for 
recording rapid pressure changes were those described previously.^ 

Measurement of Boiling-point. —The induction period before the explosion 
of TNT. at its boiling point is sufficiently long (about 20 sec.) to enable a direct 
measurement of the b.p. to be made before the explosion. The sample of TNT. 
was introduced by an electromagnetic arrangement into a vertical Pyrex tube 
i‘5 cm. internal diam. immersed to a depth of 2-3 cm. in a bath of fused nitrates 
maintained at a temperature usually about 30° c. above that of the boiling point 
to be measured, and containing air or nitrogen at the required pressure. The 
hot junction of a platinum-platinum-rhodium thermocouple was fixed about 
3 mm. above the surface of the TNT. to measure the temperature of the condens¬ 
ing vapour. This particular thermocouple has no catalytic effect on the de¬ 
composition of TNT. The e.m.f. was measured with a potentiometer and short- 
period galvanometer, the thermocouple being calibrated by direct immersion 
in a nitrate bath, and the resulting curve checked at four points by determining 
the boiling points of benzoic acid, phthalic anhydride, benzophenone and anthra¬ 
cene by the method used with the TNT., the values found being within c. 
of the accepted values. The b.p. of benzoic acid was also found at 12 cm. 
pressure and a value obtained in close agreement with the vapour pressure 

' Robertson, Trans. Faraday Soc., 1948, 44, 677. 
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measurements of Kahlbaum.* The possibility of making the measurements in 
15 sec. was established with these substances. 

A convenient quantity of TNT. was 50 mg., but the b.p. values remained 
unaltered on varying the quantity from 10-100 mg. The temperature of the 
heating bath could & varied from 15 to 60° c. above the b.p. without altering 
the readings. The accumulation of decomposition products in the TNT. did 
not appreciably alter the readings ; thus at 267° c. the liquid could be steadily 
boiled for 15 min. without change of b.p. This was also the same in air and 
nitrogen. 

Decomposition of TNT. 

Pressure-time curves for the thermal decomposition of TNT. in a closed 
system showed first a rapid pressure rise due to partial vaporisation of the liquid, 
followed by a quiescent period in which no appreciable gas evolution occurred. 
This merged somewhat indefinitely into a period of accelerating gas evolution 



Fig. I .—Decomposition of TNT. 

during which the TNT, gradually darkened, and above 275° c. (with 50 mg. 
TNT) the decomposition became sufficiently rapid after a time to give rise to 
an explosion. Above 350° c., however, no explosion occurred with this quantity 
of TNT. since the bulk of the material distilled from the hot zone leaving a dark 
residue. Larger quantities than 50 mg. were then required for explosion. The 
pressure (p) due to the decomposition of the TNT. after the quiescent period 
(that is the observed pressure increment minus the increment due to the vapor- 
‘isation) followed the equation, 

iip ~ ft + constant, 

where t is time and / a constant measuring the acceleration of the gas evolution. 
The temperature variation of / was given by the equation, 

/ (.sec."') — 10^^’^ g— 34*4 knul./RT^ 

the experimental results for 50 mg. TNT, being shown in Fig. i. The value for 
the apparent activation energy lies between that of 46 kcal./g. mol. which may 
be deduced from the temperature coefficient given by Robertson ® for the very 
early stages of decomposition, and the value of 27 kcal./g. mol. given by 

* Kahlbaum, Z. physik. Chem., 1898, 26, 577. 

* Robertson, /. Chem. Soc., 1921, i. 
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Roginsky * from experiments in closed ampullae, when autocatalysis is greatly 
facilitated. 

Below the explosion temperature the rate of gas evolution, after attaining a 
maximum, finally diminished with time approximately in accordance with an 
exponential law. No difference in the pressure-time curves was observed with 
the different inert gases present. An increase in the quantity of TNT. used 
to over loo mg. diminished both the quiescent period and the induction period 
before explosion, and increased /. This was considered to be due to self-heating 
and autocalalysis. The importance of autocatalysis in the decomposition 
could be shown by obtaining from the partially decomposed TNT. a strongly 
catalytic substance of low volatility. Addition of lo % of this to TNT. com¬ 
pletely removed the quiescent period and increased /. The quiescent period 
could also be removed by previous exposure of the sample to ultra-violet light 
(a quartz mercury lamp was used) for a few hours. 



Fig. 2.—Induction period before explosion of TNT. 

The induction period (t) before explosion for 50 mg. TNT. was 12 min. at 
273° c. and 50 sec. at 328^0. It followed the equation 
loge T = EIRT + constant, 

E having a value of 32 kcal./g. mol. from the straight line shown in Fig. 2. The 
experimental error in the activation energies for / and t was estimated as 2*3 
kcal./g. mol., the small difference between them being considered insignificant. 

Efect of Additions. —A considerable number of foreign substances when 
added to TNT. in .small quantities increased / and diminished t, but no substance 
was found which inhibited the decomposition to any large extent. Generally, 
the rise in f was in line with the fall in t, as may be seen from Table I. With 
added explosives, two distinct types of behaviour were observed. The nitro- 
amines and nitric esters decomposed first in solution in the TNT. leaving it to 
undergo its normal accelerative decomposition with some modification in / and 
T. With added explosives containing the NO, group linked to carbon, the 
behaviour of the mixture was similar to that of TNT. alone. Ammonia present 
in the gas phase (with nitrogen to give a total pressure of t atm.) accelerated 
the decomposition of TNT. at 300° c, according to the equations, 

r ^ t'(i 4-o-li/)) 
and /' — /(i + o*o6/)), 

* Roginsky, Physik. Z. Sowjet., 1932, I, 640. 
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where p is the partial pressure of ammonia (0-9 cm.) and t' and f' are the modified 
constants which with ammonia present replace the normal ones r and /. 

TABLE I.— Effect of Additions on the Decomposition of TNT. 


Addition. 


Ferric oxide .... 
Manganese dioxide 
Hopcalite ..... 
Hopcalite ..... 
Potassium permanganate 
Benzophenone .... 
Quinol ..... 
Triphenylcarbinol 
Paraffin wax .... 
a-Nitroso-) 3 -naphthol . 
a-Nitroso-) 3 -naphthol iron complex 
Diphenylamine .... 
^-Toluidine .... 
m-Aminobenzoic acid . 
Thiocarbamide .... 
m-Nitroaniline .... 
p-Nitroaniline .... 
Hexanitrodiphenylamine 
Trinitroanisole .... 
Trinitroxylene .... 
Dinitrophenol .... 
Cyclotrimethylenetrinitramine 
Cyclotetramethylcnetetranitramine 
Tetryl ..... 
Pentaerythritol tetranitrate. 


%. 

Temp. 

M. 

Increase 

in/. 

Decrease 
in T. 

1-9 

297 

2*2 

3*9 

12 

298 

16 

17 

10 

278 

— 

57 

1*9 

297 

2-8 

2*3 

10 

298 

12 

9*9 

II 

300 

5*0 

3*1 

11*5 

305 

2*3 

2*7 

9*5 

299 

— 

8’0 

7*5 

284 

4*1 

5*1 

9 

301 

8-9 

10 

II 

276 

— 

45 

9 

287 

10*5 

14 

10 

297 

7-0 

(>*i 

8 

302 

6*1 

6*3 

10 

301 

— 

7*5 

9 

302 

2-8 

2*8 

11*5 

299 

3*« 

4*0 

9 

! 299 

2*0 

i‘j 

11*5 

299 

4*2 

3*4 

10*5 

301 

0*86 

1 0-71 

7 

307 

1*4 

1*1 

13 

301 

5*1 

4*3 

10 

299 

2*8 

2*0 

10-5 

302 

2*6 

3*6 

11*5 

302 

3*1 

1*4 

1 


The Boiling-point of TNT. 

A knowledge of the boiling-point of TNT. is useful in interpreting the results 
of experiments on its behaviour at high temperatures. Belajev and Yusephovich ® 



Fig. 3.—^Vapour pressure of TNT. 

give the boiling-point at 2 mm. as 190® c. and at 50 mm. as 245-250° c., finding 
by extrapolation 300 ± 10° c. at atmospheric pressure. Extrapolation of the 

* Belajev and Yusephovich, Compt. rend,, U.R,S,S., 1940, 27, 133. 
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vapour pressure measurements of Menzies ® for the range 82-102® c., using a 
value derived from his results of 12 kcal./g. mol. for the latent heat of vaporisa¬ 
tion, and neglecting the temperature variation of this quantity, gives for the 
b.p. 530® c. To clarify this discrepancy, a direct measurement of the temper¬ 
ature of condensation of a-TNT. vapour was made at various pressures. At 76 cm. 
pressure this was 345® i 2® c., and at 3 cm. 232® c. Identical results were 
obtained with the commercial sample and a-TNT. On representing the b.p. 
results by plotting the logarithm of the vapour pressure (p) against ijT the points 
shown in Fig. 3 were obtained, the equation for the vapour pressure from the 
straight line shown being 

logic(om.) = 8-11 ~ 385o/r° K. 

This gives a latent heat of vaporisation of 17,500 cal./g. mol. with an error estim¬ 
ated at 1000 cal./g. mol. The results arc not .sufficiently accurate to justify the 
addition to the equation of another term allowing for the difference in specific 
heat between the liquid and the vapour. Menzies gives the vapour pressure 
at 100° c. as i*o6 x io“^ cm. whereas the value calculated from the equation, 
above is 0*62 X io““ cm. The discrepancy could arise from the presence of 
volatile impurity in the sample used by Menzies. 

The Explosion of TNT. 

The Vapour.—The vapour alone exploded less readily than the liquid, 
for it was heated in bulbs of 2 cm. diam. up to 357® c. without explosion, although 
extensive decomposition was noted, this being less subject to autocatalysis than 
that of the liquid. Mixtures of the vapour with air, nitrogen or hydrogen pro¬ 
pagated a flame rt?adily once this was initiated, but the neces.sar}" concentration 
of vapour was not determined. These flames could be initiated by exposing 
the vapour to cold ferric oxide, when a reaction occurred and some of the oxide 
particles became incandescent. Thus if TNT. was heated rapidly in a test tube 
and iron oxide brought to the mouth of the tube a flame was initiated at the 
oxide which passed down the tube and ignited the liquid TNT. At lower tem¬ 
peratures flames could be produced in the vapour which did not suffice to ignite 
the liquid : thus, cold TNT. brought into contact with iron oxide at 200° c. 
produced almost immediately a small flame confined to the vapour, the bulk 
of the liquid TNT. exploding many seconds later after accelerative decompo.sition. 

The Liquid.- -The low'est temperature at which liquid TNT. in equilibrium 
with vapour exploded sponlaneously after thermal decomposition depended on 
the quantity of liquid present, being lower for larger quantities. The low’est 
ignition temperature for a given initial quantity of TNT. could, therefore, be 
raised by increasing the proportion vaporising by altering the volume available 
to the vapour or by diminishing the inert gas pressure. An apparent upper 
temperature limit of explosion was observed if all the liquid disappeared from 
the hot zone by vaporisation or boiling before the thermal decomposition ac¬ 
celerated to explosion. The upper temperature limit of 380° c. for deflagration 
of TNT. reported by Andreew ’ can probably be inter^ireted in this way. 

Observations of the explosion of TNT. after the induction period revealed 
that the liquid attained a bright red heat and a flame was propagated through 
the vapour above it, considerable quantities of carbon being deposited. The 
survival without damage of the glass bulb used showed clearly that no detonation 
occurred under the conditions used. The rate of decomposition of the liquid 
before ignition was greater at higher temperatures, and also greater in the 
presence of the more efficient accelerators of reaction : the results, in general, 
led to the conclusion that the condition satisfied before ignition w^as the attain¬ 
ment of a certain extent of decomposition (such that the pressure had risen to 
about half the final non-explosive thermal decomposition value) and not the 
attainment of a certain rate of gas evolution. This was also true in general for 
TNT. containing up to 10 % of foreign substances such as metallic .salts and 
oxides, organic compounds, other explosives and various waxes. The four 
substances, hopcalite, ammonium dichromate, ferric oxide and barium hydroxide, 
however, present to the extent of 10 % in TNT. caused ignition at 300® c. with 
no perceptible prior decomposition, probably as a result of vigorous exothermic 
reaction between the TNT. and the added substance. Catalytic substances 
which could be isolated from partially decomposed TNT. also greatly facilitated 
the ignition of fresh samples of TNT. One may also note in this connection the 
well-known effect of alkalis in increasing the case of ignitability of TNT. 

« 

• Menzies, J. Amer. Chem, Soc., 1920, 42, 2218. 

^ Andreew, Acta Physicochim., 1935, 3, 119. 

33* 
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Discussion. 

Although the acceleration of the decomposition of TNT. with time 
proceeds in accordance with the mathematical formulation for branching- 
chain reactions, there is as yet no clear evidence for the actual existence 
of reaction chains : in fact, the acceleration of the reaction by quinol, 
benzoquinone and diphenylamine might be considered to point to the 
absence of free-radical chains. Furthermore, if the final stages of the 
TNT. decomposition below the explosion temperature are treated some¬ 
what arbitrarily as a first-order reaction of activation energy 34 kcal., 
the actual rate of reaction can then be represented by an Arrhenius 
equation with a value for B of about 10^^ sec.”^. The view of 

Semcnoff ® that chain reactions in TNT. lead to an abnormally large value 
for B is not supported. It seems probable that the primary reactions 
lead to the formation of substances of higher molecular weight which 
catalyse subsequent decomposition and may be involved in bimolecular 
reactions. 

To a first approximation, the normal behaviour of TNT. with respect 
to spontaneous explosion may be represented by assuming the condition 
for explosion to be the attainment of a critical concentration of autocatalyst 
in the liquid phase, so that explosion occurs after a certain definite degree 
of decomposition. If the TNT. is at a temperature k. and the reaction 
rate constant k for the formation of autocatalyst is given hy k ~ B 
then if the amount of catalyst formed is small, the condition for explosion 
may be written 

kr - C, 

where C is the critical ratio, catalyst/TNT., for explosion and t is the in¬ 
duction period. This equation assumes the catalyst to be formed at a 
constant rate and neglects the quantity of TNT. decomposed and lost 
by vaporisation. From this equation the temperature variation of the 
induction period arises from the temperature variation of k and is given by 

loge T - EjRT + loge (C 7 Zf). . . . (I) 

An equation of this type with E of 32,000 cal./g. mol. is applicable to 
TNT. According to Urbanski and Rychter ® this equation also applies 
in the temperature range 390-450° c., that is above the boiling point, 
but E is only 14 kcal./g. mol. Edwards has also observed a diminution 
of E above the boiling point. This is explicable by the evaporation of 
the TNT. during the induction period. The volatility of the catalyst 
formed in the decomposition is much less than that of TNT., and its evapor¬ 
ation during the induction period may be neglected in comparison with 
that of TNT. If the temperature of the reaction vessel, with an area A 
in contact with TNT., is T, and the boiling point of TNT. is the quan¬ 
tity (q) of TNT. evaporated during the induction period t is given by 

qL = hA(T^ T^)r .(2) 

where L is the latent heat of vaporisation cf TNT. and h is the appropriate 
heat transfer coefi&cient. The explosion condition, neglecting the quantity 
of TNT. converted into catalyst, becomes 

(0 - i?)*BT/(G - 9) = C.( 3 ) 

where Q is the original quantity of TNT. and is the value of k at Tg. 
When the vessel temperature is just equal to the boiling point, the 
explosion condition becomes 

^b‘*’b = C, . . . . • (4) 

® Semcnoff, Chemical Kinetics and Chain Reactions (Oxford Univ. Press, 1935), 
Ch. 17. 

® Urbanski and Rychter, Compt. rend., 1939, 208, 900. 

*®G. E. Edwards (private communication). 
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where Tg is the induction period under these conditions. Eqn. (2), (3) 
and (4) give 


M(r - Tg) V ‘ * 

In Table II some induction periods calculated with (5) for a-TNT. at 
15 Ib./sq. in. air pressure when Tg = 346° c. are compared with experi¬ 
mental figures kindly given by Dr. G. E. Edwards, the only quantity not 
determined by the experiments, hAjQL, being taken as 0-00065 sec.”^ 
degree It is clear that these results are well represented by (5). Thus a 
value for E obtained from experiments above the boiling point with (i) 
cannot be interpreted as an activation energy of a chemical process. 
These considerations may also be of interest in the interpretation of high 
temperature measurements of induction periods carried out with other 
volatile explosives. 

TABLE II.— Induction Periods of TNT. 


Temperature 

(’c.). 

T (Observed) 

(sec.). 

r (Calculated) 
(s<*c.). 

34 f> 

42*5 

42*5 

350 

40 

40*5 

360 

34 1 

34*5 

370 

2i) 1 

29*5 

380 

25*5 j 

257 

390 

22-0 

22-5 

400 

T 9*5 

19-9 

410 

17-5 

17-7 

420 

i6*o 

i6’0 

430 

1 

14*5 

1 

14-6 


The aiitlior has much pleasure in thanking Prof. E. K. Rideal for his 
interest and encouragement. This work forms part of a programme 
carried out at the Dept, of Colloid Science, Cambridge, jointly with the 
Dept, of Chemistry at Bristol and the Royal Technical College, Glasgow, 
and the author thanks Mr. L. A. Wiseman and Dr. G. E. Edwards for 
many discussions. This paper is published by permission of the Chief 
Scientist, Ministry of Supply. 


Summary. 

The thermal decomposition of TNT. is markedly autocatalytic and can lead 
to spontaneous explosion after an induction period. An overall activation energy 
of 32-34 kcal. is obtained for the proce.sses prior to explosion. Numerous foreign 
substances accelerate the decompo.sition. The boiling point of TNT. is 345° c. 
and the latent heat of vaporisation 17,500 cal./g. mol. Liquid TNT. explodes 
when a certain extent of decomposition is attained. The effect of boiling on the 
induction period before explosion can be treated quantitatively. 

Davy Faraday Laboratory, 

The Royal Institution, 

Albemarle St., London W.i, 



A QUANTUM-MECHANICAL INVESTIGATION 
OF THE AZULENE MOLECULE. 

PART I. 

By R. D. Brown. 

Received yrd February, 1948. 

The azulene molecule offers a unique opportunity for testing the 
accuracy of approximate quantum-mechanical calculations of the position 
of attack by chemical reagents. The orientation of substituents in aromatic 
substitution has been predicted from calculations of electron densities or 
of polarisation toergies ; hitherto the molecules so treated have been 
substituted benzenes, naphthalene,^* 2 and the simpler heterocyclic mole¬ 
cules.^* 2 * ^ In the case of naphthalene the theoretical prediction of 
substitution in the a-position obtains without appealing to experimental 
results. This is not so in the case of molecules containing atoms other 
than carbon and hydrogen ; in such instances two or more arbitrary para¬ 
meters must be introduced. In many cases the point of attack is deter¬ 
mined merely by the sign of a parameter, about which there is usually 
no doubt. Nevertheless naphthalene remains the only molecule whose 
treatment is independent of arbitrary constants. However, in naphthal¬ 
ene the theory need only distinguish between two possible positions 
whereas in azulene, whose treatment similarly does not entail any em¬ 
pirical parameters, there are five possible positions of attack. Clearly 
then, azulene provides a good test of the theory. 

Previous computations h3,vc been based upon two extreme points of 
view. Wheland and Pauling,^ and Longuet-Higgins and Coulson,^ cal¬ 
culated electron densities at the various positions in the molecule and 
then, in common with other more qualitative treatments of the problem, 
assumed that electrophilic attack would occur at positions of highest 
electron density, nucleophilic attack at points of lowest electron density. 

Wheland * pointed out that this procedure completely ignores the 
contributions of equally important covalent structures to the activated 
complex hybrid, and set out a method for calculating certain polarisation 
energies which is equivalent to the other extreme of considering these 
covalent structures only. He carried out the calculations of these polar¬ 
isation energies for various molecules, at the same time drawing attention 
to the need for examining both extremes separately. In the present 
instance both electron densities and polarisation energies have been used 
to predict the course of sub.stitution in azulene. 

Outline of Method. 

The well-known LCAO molecular orbital treatment was utilised. 
In this the effect of the or-electrons is assumed to be constant and so is 
neglected. The 7r-electrons are considered to occupy molecular orbitals 
which, as an approximation, are written : 

W == -{- C2«A2 + . . . + 

1 Wheland and Pauling, J. Amer. Chem. Soc., 1935, 57, 2086. 

® Wheland, ibid., 1942, 64, 900. 

* Longuet-Higgins and Coulson, Trans. Faraday Soc., 1947. 43 / 87. 
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In the case of azulene n, which represents the number of carbon atoms in 
the conjugated system, is 10 ; ipa represents the 2p atomic orbital of 
carbon atom a and the c’s are constants whose values are determined by 
the variation method. This leads to the secular equations and the secular 


determinant of azulene : 
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The lower energy levels of the molecule are obtained by inserting the 
roots of the secular determinant in the equation : 


T£ 


a — 


I 



u 


in which a is the coulomb integral and ~ S^ol where yq is the 

exchange integral. Sq is the so-called " overlap " integral : 


^0 



where n and ni are adjacent carbon atoms. For the calculation of polar¬ 
isation energies a value of 0-25 w'as employed as an approximation to 



Fig. t.—R elation between bond order and 
bond length. 





Fig. 2 .—Numbering system 
cmplo3'ed. 


Mullikeii’s computed value of 0 27 for C —C.'* The value of Sq has no 
effect upon the Tr-electron density and bond-order results and in this part 
of the work it was assumed to be zero, following the habit of previous 
workers. 

The procedure set out by Wheland ^ was followed in the calculations 
of polarisation energies, and the 7 r-electron densities and bond orders were 
computed by a method developed by Coulson (e.g. Longuct-Higgins and 
Coulson, loc. cit.). 

The bond lengths were obtained from the computed bond orders by 
means of the graph given in Fig. i. For the latter the bond lengths of 
the carbon to carbon linkages in ethane, ethylene, and acetylene were 
taken as 1*573, i*353 and 1-207 a. respectively.* The corresponding 

* Mulliken, /. Chem. Physics, 1939, 7, 20. 

* Herzberg, Infra-red and Raman Spectra of Polyatomic Molecules (1945), 
p. 440. 
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bond orders employed were i. 2, 3 (strictly these should be i*i2, 2*12, 3 
if the effect of hyperconjugation is considered*). Benzene was assumed 
to have a bond length of 1*390 a. and a bond order of 1*667. 

Results. 

Polarisation Energies.-— The energies required to polarise azulene at each 
of the five possible positions in a manner appropriate for electrophilic, nucleo¬ 
philic, and radical substitution are listed in Table I. The energies are expressed 
in units of — jS© which is approximately 38 kcal./mol. The positions have been 
numbered as shown in Fig. 2 ; this agrees with the numbering used in the American 
Chemical Abstracts. 

TABLE I. 


Position Attacked. 

w,. 

Wn. 

Wr. 

I 

1*352 

2*090 

1*721 

2 

1*728 

1*728 

1*728 

4 

1*808 

1*231 

1*520 

5 

1*655 

i -(>55 

i -<>55 

6 

1*959 

1*280 

1*620 


The symbols IV^, IV„, represent polarisation energies for electrophilic, 
nucleophilic, and radical substitution respectively. From the table it is apparent 
that electrophilic attack will occur in position i, nucleophilic and radical attack 
both at position 4. For the case of electrophilic substitution especially the 
energy for position i is much lower than for any other position. 

TT- Electron Densities and Bond Lengths. —The results of calculations of 
TT-electron densities and bond orders are shown in Fig. 3 and calculated bond 



Fig. 3.—Electron densities and bond orders. 

lengths are indicated in Fig. 4. It is significant that carbon atom i has the 
highest TT-electron density and carbon atom 4 the lowest Tr-electron density, 
thus completely confirming the predictions of the polarisation-energy computa- 



Fig, 4.—Bond lengths. Fig. 5. —Bond orders in naphthalene. 


tions. It is also interesting that the bond orders are all close to the value 1*667 
for benzene except the bond joining atoms 9 and 10. This is somewhat in con¬ 
trast to the bond orders in naphthalene for example ; the results for this mole- 


•Mulliken, Rieke and Brown, /. Amer. Chem, Soc., 1941# 63, 54. 
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cule ’ are shown in Fig. 5. (The 7r-electron densities are all i for naphthalene.) 
These results are not unexpected because consideration of the most important 
structures contributing to the azulene hybrid (Fig. 6) shows that all bonds have 
approximately half double-bond character (as distinct from order) except the bond 
common to both rings which has predominantly single-bond character. In 
benzene similarly all bonds have approximately half double-bond character 



due to equal Contribution to the hybrid by the two K^kule structures. From 
similar considerations for naphthalene (Fig. 7) it can be seen that all bonds have 
I /3 double-bond character except the four a-j 3 bonds which have 2 /3 double-bond 
character. 




Fig. 7. 



As a consequence the bonds of azulene are all similar in length to those of 
benzene except that the g-io bond is somewhat longer. The increased length 
of this latter could probably be detected by X-ray measurements. 

The experimental determination of the course of substitution in azulene is 
now being undertaken. 

I would like to thank Dr. F. N. Lahey for his interest in this work. 


Summary. 

Approximate quantum-mechanical calculations of polarisation energies 
and TT-electron densities both indicate that electrophilic substitution will take 
place at position i while nucleophilic substitution will occur at position 4. Polar¬ 
isation energy calculations show that radical substitution will occur at position 
4 also. No arbitrary parameters were required in the computations. 

Bond orders and lx>nd lengths have also been calculated. It is suggested 
that the increased length of the bond joining atoms 9 and 10 could be detected 
by X-ray diffraction experiments. 

Chemistry Department, 

University of Melbourne, 

Australia. 

’ Lennard-Jones and Gjulson, Trans. Faraday Soc., 1939, 35, 820. 


BONDS IN THE PHOSPHORUS MOLECULE, P4. 

By W. E. Moffitt. 

Received 16th February, 1948. 

On the basis of new experimental evidence, the energy to be associated 
with bonds between a pair of phosphorus atoms has recently been re¬ 
calculated, first by Skinner ^ and then by Dainton.* Accepting Dainton's 
scheme, 

P4(g) -> 2P,(g) - 30 kcal./mole, 

P*(^) ^ 2P(g) — 116-9 kcal./mole, 

1 Skinner, Trans. Faraday Soc., i 945 > 41» 645. 

* Dainton, ibid., 1947 . 43 * 244. 
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the bond energy to be associated with a P—P bond in P4 is 47*5 kcal./niole. 
The importance of these bond energies for the kinetic study of the oxida¬ 
tion of phosphorus, prompts a closer examination of the conditions of 
bonding in P4 and, in particular, a calculation of the “ strain " energy to 
be associated with the bonds in this molecule. 

Preliminary Analysis. 

It is clear that the bonding orbitals of trivalent phosphorus in un¬ 
strained molecules like PH 3 or PF3 are predominantly in type. The 
internuclear separations in these molecules lead to a covalent radius for 
phosphorus of ^ i-i a. Since the P — P distance in P4 is 2-21 a., we 
suppose that the atomic bonding orbitals are also essentially 3/? here. 

Arnold ® has recently suggested that the valence state of phosphorus 
in P4 is (3p)(3d)^, but this seems unlikely. The promotion of two electrons 
without a compensating increase in the phosphorus valence is not v^ery 
plausible on energetic grounds, and was probably only suggested in the 
premature belief that the stability of was incompatible with the normal 
(3/>)‘ valence state. Further, whereas one would expect the 3d radius 
of phosphorus to be rather greater than that of 3/?, the P—P sei)aralions 
in P4 are apparently normal. 

Accepting Pauling’s concept of bond strength,® which associates the 
strength of a bond with the value of the bond eigenfunction (orbital) 
in the bond direction, Skinner ^ has derived the formula, 

E^o — sec® 6 . /i(9o-20). 

This relates the energy E^q of an unstrained P—P bond with the energy 
'£(90-20) of a bond whose bond eigenfunctions are directed at an angle 6 
to the bond direction. Skinner has put 20 — (90-60)° 30° for the P—P 

bonds in tetrahedral P4 and this leads to a strain energy of 3*5 kcal. on 
the basis ii(uo-20) — 47 * 5 * A closer examination (vide infra) of the geo¬ 
metry involved shows, however, that 20 30° and not 30 ' as assumed 

by Skinner. The strain energy now becomes 6 kcal. so that a considerable 
error is incurred in his treatment. Pauling’s postulate therefore leads 
to an unstrained P—P bond energy of 53*5 kcal./mole. 

A more fundamental calculation will now be undertaken formalising 
the concept of bent bonds * as applied to the P4 molecule and calculating 
the degree of delocalisation to be associated with these bonds. It will 
be shown that the unstrained P—P bond energy is indeed near 54 kcal. 
In this way, although Pauling’s concept of bond strength lacks a theoretical 
basis, it appears to be justified empirically. 

The Pure Valence State (PVS) Approximation. 

For purpo.ses of clarity, the P4 tetrahedron is inscribed in a cube with 
centre O. At each phosphorus atom P^, a right-handed system of rect¬ 
angular co-ordinate axes Pa^aya^a is set up so that the vector P„0 has 

direction cosines (- 4 -, --'l with respect to it. Further, the system 

Wj V 3 V 3 / __ _ ^ 

is so oriented about PoO that Pa^a, PaO and PoPb are coplanar ; it follows 

that Paya, PaO and PaPe are coplanar, as are PaZa, PaO and PoPd. Here, 
as in what follows, a, b, c, d are all different. 

The 3p atomic orbitals of phosphorus are now chosen so that they 
each have zero component of angular momentum referred to one of the 

® Pauling, J. Amer. Chem. Soc., 1931, 53, 1367. 

^ Gjulson and Mofiitt, /. Chem. Physics, 1947, 15, 151. 
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atomic axes so constructed. In virtue of the coplanarity of Pa^af FqO 
and PoPft, we abbreviate 0a(3^ to tJ ; the twelve 3 p orbitals 
Tj(a, b — I, , . 4 ; a b) 


/s ^ 

are now fully defined. If we write = P^PoO and ( = ^^aPaO, it is readily 
shown by geometry that tj ^ sin-i-4~ . t _ cos-^-^ ; so that the angle 

\/3 Vs 


between the direction of the 3/? orbital tJ and the bond direction P„Pi, is 
^ _ t/ — sin-^ -^ That is, the angle of “ bending '' is 19and 


not 15'' as supposed by Skinner. 

Clearly, that perfectly paired structure which approximates most 
closely to the actual electronic state of the ground state of the P4 mole- 



Ps 


cule, is defined by the propert}^ that the spins of the electrons associated 
with every pair of orbitals tJ, tJ are fully coupled or anti-parallel in these 
pairs. We denote this by writing for each bent bond^ of this type the 
symbol (tJ : tJ). The six bonds thus obtained account for all twelve 
electrons to which binding is attributed. In the pure valence state 
(PVS) approximation, therefore, we use the wave function !P(P) 3 (tJ : tJ) 
for all pairs a, b. 

As a final extension of the notation, we write 

as the exchange integral between tJ and 

The exchange energy associated with any one P—P bond in P4, apart 
from a constant term which is independent of the spin orientations, is 
now * 

f(r!l/T;). 

It is easily shown that, with neglect of <T7r-type bonding, thef exchange 
® Penney, Proc. Roy. Soc. A, 1934, 223. 
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inte^ which occurs here may be expended in terms of the more usual 

integrals, * as follows : 

(rlirt) = COS* — 17 ) . PamwT + sin* (f — 17 ) . Rwwi. 

A comparison is made between the (physical) overlap of the phosphorus 
^po and orbitals at a nuclear separation of 2*21 a. and the analogous 
overlap of the carbon 2pa and 2 p 7 t orbitals (1*54 a.) using simplified atomic 
functions.* By these means the following values are assigned to the aa 
and TTTT exchange integrals of phosphorus, on the basis of the corresponding 
figures for carbon, 

Pamra = — 2*5 CV. and P^wm = — 1*0 eV. 

For a straight ** unstrained pure 3p-type P—P bond, the exchange 
energy is 

const, -f iPaaaa- 

Thus, neglecting Coulomb terms and any effects arising from possible 
differences in internuclear distance, the strain energy to be associated 
with each P—P bond in P4 is 

i I ^aaaa[l — COS* — r})) — sin* (f — 17) • | , Or ^ O77 eV. 

The Energy of Delocalisation in P4. 

In any geometrically constrained system, such as cyclopropane or 
the P4 molecule, the approximation of perfect pairing is expected to be 
less accurate than for the related molecules whose bonds, being unstrained, 
may be regarded as straight. For example any ^p orbital of a phosphorus 
atom in P4 may be at least formally coupled with as many as nine bonding 
orbitals belonging to nearest neighbours of that atom. Accordingly we 
investigate the resonance energy of delocalisation of the twelve bonding 
electrons in P4, 

A complete solution of thi3 problem would necessitate the group- 
theoretical reduction of a representation with 132 dimensions and the 
subsequent solution of the resulting irreducible secular problem. A fair 
approximation to this treatment may, however, be obtained by con¬ 
sidering only those excited structures which retain four of the normal 
pairs of coupled orbitals of the PVS structure ; and these structures 
are easily shown to fall into three classes : 

(i) structures involving monovalent phosphorous which are neglected ; 

(ii) structures characterised by pairs of adjacent sides of the P4 
tetrahedron ; 

(iii) structures characterised by pairs of skew sides of this tetrahedron. 

Explicitly the members of the last two classes may be defined by means 
of the sets of functions W[ahc), W(ab) respectively ; ^{abc) is associated 

with the sides PaPj,, P^Pc in the sense that its two formal'' bonds are 
coupled according to the scheme (tJ : Tg)(Tg : t{). It follows that 

'{'(abc) = ^(eba), 

and that the set contains twelve members. 

^(ab) is similarly associated with the skew lines PaP^, PePd by means 
of (rg : tS)(tJ : tJ). Here, however, ^{ab) •¥ ^{ba) and c, d must be 
ordered according to some rule, say c> d. It is then easily shown that 
there are six such structures, but that the manifold subtended by these 
and the pure valence state structure ^P(P), is of four dimensions only 
—i.e. only three of the ^{ab) are independent in any set containing also 

• Slater, Physic, Rev., 1930, 36, 56. 
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?'(P). For definiteness, let us choose those three structures W{ab) for 
which a> h and c> d. 

Since we are interested in the ground state of the molecule, whose 
wave function is supposed to belong to the identical representation Ai 
of the cubic point group ^ has the form 

r^{P) + sl^abc) -f trP(ab), 

This may easily be verified by means of group theory, and shows that the 
secular equation is now only of the third degree. 

In order to set up this secular cubic, it is necessary to evaluate all the 
elements 

(A/B) = ^'y{A)^'P{B)dV 

of the energy matrix, where ^(A), W(B) represent any two structures. 
The (i -f 3 -f- 12)* = 256 elements which arise are, however, easily 
classified by virtue of the isomorphism that exists between the set of struc¬ 
tures and the corresponding set of geometrical elements ; 

I like (P/P), 3 like (abjab), 12 like (abclabc) 

6 like (P/a6), 6 like (abjac), 24 like (P/a6r) 

24 like (ahjabc -f abd), 24 like {abjacb -f adb) 

12 like {ahcjadc), 24 like (abcjbac), 24 like [abcjabd] 

24 like (abcjbad), 24 like (abcjadb), 24 like (abcjcad). 

We may express these (A /B) elements linearly in terms of five primitive 
integrals, viz. the four interatomic integrals 

a (Ti/rS). = (t“/tS), y = (tJ/t?), S = (rg/rj) 

and the intra-atomic integral 

€ = (‘rt/rt). 

The evaluation of a, p, y and 8 is perfectly straight-forward, since they 
are all linear combinations of Paaaa and Pjottw when arr-type bonding is 
neglected. In virtue of Beardsley's successful calculations of the intra- 
atomic integrals for carbon,’ c was calculated ab initio using Slater functions ® 
for phosphorus of the form 

0(3/>o) = 5 ,« . f(r), S,» =- cos 9 . 

•Kipir) = Si». f(f), 5,1 = sin 0 cos 4,. 

where the normalised harmonics 5 ^* satisfy 



After using Legendre’s expansion for i/rj,, the addition theorem for zonal 
harmonics and orthogonality,® the integration is elementary and leads 
to the value ^ 

e = 1-420 ev. 

The secular equation may be reduced to the simple form 


X 

3 ^ 

3(2X-u) 


0 

1 


3(6*-r) 

6{3x—u) 

= 9 

0 ^x—v ti 

^{2X-~U) 

6('^x—u) 

3(i5X—w—iiu) 


1 — M U ^X — W-\-U 


where 

« = 4j8 — 2y — 26 = — 2-62, t/ = 88 — 8a = 12-26, «; = 8/9 — 8a = 14-52ev. 
’ Beardsley, ibid., 1932, 39, 913* 

® Hobson, spherical and Ellipsoidal Harmonics, (C.U.P., 1931). 

® Arnold, /. Chem. Physics, 1946, 14, 351. 
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and — 3;r == E 0 — 9a is the resonance energy of delocalisation. It is 
found that the additional stabilisation of the P4 molecule thereby attained, 
accounts for some 0 26 ev. per P—P bond. 

It is reasonable to suppose that the error incurred in our treatment 
using only a restricted representation for the energy matrix, is of the same 
order as that associated with the PVS approximation as applied to un¬ 
strained molecules. Accordingly the strain energy per P—P bond is 
now only o*77-0'26 0*5 ev. In order to include <T7r-type bonding which 

we have previously neglected and the absence of non-adjacent repulsions 
in P4, we allow for an extra stabilisation of some 0-2 ev. This figure is 
obtained by an appropriate adaptation to P4 of the discrepancy between 
the empirical and similarly calculated strain energy for cyclopropane.* 
A final estimate of the strain energy to be ass(x:iated with calculations 
based on the bond additivity assumption, is therefore 

0*3 ev., or ^7 kcal. per P—P bond. 

Using Dainton’s value for the bond energy in P4, this gives an unstrained 
pure 3/? aa-type P—P bond an energy of 

54*5 kcal./mole 

—which is very close to the value predicted on the basis of Pauling’s 
postulate. Our calculation is probably reliable to within i 0‘5 kcal. ; 
the error should certainly not exceed i kcal. 

The writer would like to thank Prof. C. A. Coulson for suggesting 
this problem and the Board of the British Rubber l^roducers' Research 
Association for a grant. 


Summary. 

An examination of P—P bonding in the P4 tetrahedron has been under¬ 
taken by means of the HLSl* method. It leads us to associate a strain energy 
of 7 kcal./mole and an energy of delocalisation of 6 kcal./mole with each 1 *—P 
bond. On the basis of Dainton’s figure of 47*5 kcal. for these P- -P bond energies, 
a bond energy of approximately 54*5 kcal. is assigned to an unstrained P—P 
bond. 

New College, 

Oxford. 


THE FREE AND TOTAL ENERGIES OF INTER¬ 
ACTION OF COALS WITH METHYL ALCOHOL. 

By Eva M. Dresel, M. Griffith and W. Hirst. 

Received i^th February, 1948. 

It is possible, in principle, to ceilculate the heat of immersion of a 
solid in a liquid from adsorption data. Thus, for reversible ad.sorption 
of an insoluble vapour, the free-energy lowering AG of the adsorbent is 
given by the integrated form of the Gibbs-Duhem equation,^ 

^ Ip* ■ ■ ■ 

where pi, are the initial and final pressures of the vapour, m is the 
quantity in grams of vapour adsorbed at a pressure p (or fugacity /), 
and M is the molecular weight of the adsorbate. This equation holds 
whatever the mechanism of interaction : e.g. whether the adsorbed phase 

* Bangham, Nature, 1944, 154, 837. 
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is mobile or static, and whether the solid is rigid or expands during the 

adsorption. If is zero and is the saturation vapour pressure p^, 

it is convenient to denote the value of AG by AGy. The free-energy 
lowering AGj^, when the pure solid is wetted by liquid, is not in general 
identical with AGy ; if, for example, the process of immersion represents 
merely the wetting of an area £ of an adsorbed film, 

AGl = AGy H- £yiy cos 6 , , . . • (2) 

where yi\ is the surface tension of the liquid when in contact with its 
saturated vapour and $ the contact angle.** The change in total energy 
AH associated with a free-energy lowering AG is given by the Gibbs- 
HelmhoJtz equation, so that the heats of saturation and of wetting of the 
adsorbent are : 

AHy = AGv - .(3) 

A//, - AGi - .(4) 

The heat evolved when the pure solid is exposed to saturated vapour can, 
therefore, be evaluated directly from a pair of adsorption isotherms at 
different temperatures (eqn. (i) and (3)) ; to calculate the heat of wetting, 
A//l, information must be available concerning the processes which take 
place when, after exposure to saturated vapour, the solid is immersed in 
the liquid. 

The adsorption method sometimes has advantages over the direct 
calorimetric measurement. For example, when some of the heat is liber¬ 
ated slowly it may be hidden by the cooling losses of the calorimeter, 
and the apj^arent heat of wetting may be far low'or than the real value. 
The isotherms, how’cver, can be determined under such conditions that 
each point represents an equilibrium measurement ; the calculated heat 
changes, AT/y. therefore correct. Since the difference between AHy 
and A//l is usually fairly small, f the method is useful when there is a 
suspicion of large errors in the calorimetric results. 

In an earlier investigation,* it was concluded from calorimetric evidence 
that the greater part of the heat of wetting of coals by methyl alcohol 
is liberated rapidly. Subsequent measurements * of the densities of coals 
in a number of liquids showed that the pores in coals are not uniform in 
diameter along their length but contain constrictions no more than a few 
Angstrom units in diameter. Furthermore, the apparent densities some¬ 
times drifted slowly with time towards higher values suggesting that 
several hours were required to achieve complete penetration. This result 
reopened the question whether some part of the heat of wetting might be 
liberated too slowly to be detected in the calorimeters which were avail¬ 
able, and it was decided to use the adsorption method as a check. 

Certain difficulties have to be overcome. King and Wilkins ® have 
found that the adsorption isotherms of water on coals show hysteresis, 
and Maggs ® also found hysteresis when using methyl alcohol as adsorbate. 
The isotherms therefore do not satisfy the thermodynamic condition of 

* If the adsorbent saturated with vapour expands on immersion, the ex¬ 
pression for AGj, is more complicated and includes a term to represent the work 
of expansion. On the other hand, when there is capillary condensation 
AGy — AGj,. For further details, see ref. 

t For the adsorbent used here (coal), there is insufficient knowledge to enable 
the difference between AHy and A//i. to be calculated as suggested in the pre¬ 
ceding paragraph. 

* Bangham and Kazouk, Trans. Faraday Soc., 1037, 33, 145^. 

® Griffith and Hirst, Froc. Conf., Ultrafme Sinictute oj Coals and Cokes, 
B.C.U.R.A. (London, 1944), p. 80. 

* Franklin, Trans. Faraday Soc. (in press). 

* King and Wilkins, ref. 3, p. 46. 


Maggs, ibid., p. 95. 
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reversibility assumed in eqn. (i) above, and the appropriate method of 
calculating the free-energy lowering has to be found. The second diffi¬ 
culty arises from the peculiar mechanical properties of coals. King and 
Wilkins,* and Dunningham ’ have shown that when freshly mined coal 
is dried and subsequently exposed to water vapour, the amount of water 
adsorbed is less than the original moisture content of the coal; the effect 
has been attributed to an irreversible shrinkage of the coal material when 
it is first dried. In addition, Dunningham ’ attributed the hysteresis 
in the adsorption isotherms to irreversibility of the mechanical properties, 
and Maggs * has shown for several coals that the stress-strain relationships 
are only partly reversible. Lawall and Holland ** also observed hysteresis 
in the stress-strain curves of West Virginia coals. 

The mechanical instability makes it difficult to determine the temper¬ 
ature dependence of the sorption isotherm in order to derive the quantity 

(eqn. (3)). The difficulty arises in the following way. Bangham 

and Maggs have found evidence showing that the swelling of coal which 
accompanies adsorption is primarily due to the pressure of the adsorbed 
film. If the temperature is raised, the film pressure increases and the 
solid swells further. On lowering the temperature, the solid may not then 
revert to its original condition. Thus, if the vapour pressure is measured 
at Tj, then at a higher temperature Tj, and finally at Tj once more, the 
two measured pressures at Tj may be different. It is therefore necessary 
to ensure that the experimental observations used to calculate the 
temperature dependence are properly chosen. 

In the presentation which follows, the results of preliminary experi¬ 
ments are described to illustrate the characteristic features of the sorption 
isotherms of methanol on coal and the phenomena associated with the 
measurement of the temperature dependence. These experiments are 
discussed in the light of existing knowledge of the structure and physical 
properties of coals. The method, which then emerges, for obtaining tlie 
heat changes from the sorption isotherms is used to derive the numerical 
values of the heats of wetting of three coals. 

Experimental. 

Apparatus. —The volumetric method was used for determining the sorption 
isotherms. A diagram of the glass apparatus is shown in Fig. i. The mercury 
cut-offs also served as pressure gauges which were read by a vernier catheto- 
meter. The quantities adsorbed on the coal were calculated assuming that the 
vapour obeyed Boyle's law. The whole system was connected to a mercury- 
vapour diffusion pump backed by a rotary oil pump. Prior to adsorption 
measurements, coal samples were evacuated first in the cold and then, for several 
hours, at 110° c. to a final pressure of lo"* mm. Hg. 

Materials. — Methyl Alcohol, Pure methyl alcohol, as supplied by James 
Burrough Ltd., was freed from dissolved gases and submitted to vacuum dis¬ 
tillation in the adsorption line. The middle fraction was used for measurements. 

Coals. Three bituminous coals were investigated : a Northumberland coal k, 
a Yorkshire coal H, and a South Wales coal f. The analyses are given in Table I. 
For the heat of wetting and sorption measurements the samples were ground to 
pass a 240 B.s. sieve. 

Description of the Sorption Isotherms. —The main features of the methanol 
sorption isotherms are summarised below. 

(i) The isotherms on coals k and h are sigmoid in shape, whereas that on 
coal F is similar to the Langmuir isotherm showing no point of inflexion (Fig. 2). 

(2) The area of the hysteresis loop increases with the sorption capacity of 
the coal. Thus coal f, which at saturation adsorbs 5 % of methanol by weight, 

’ Dunningham, ibid., p. 57. 

• Maggs, Trans. Faraday Soc., 1946, 42B, 284. 

• Lawall and Holland, Eng. Exp. Station, Res. Bull. No. 17 (West Virginia 
University). 

Bangham and Maggs, ref. 3, p. 118. 
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shows only a small hysteresis loop confined to a limited pressure range ; whereas 
with coals K and h, which adsorb 26 % and 18 % respectively, the hysteresis 
loops cover the whole pressure range, and the adsorption and desorption curves 
are further apart (Fig. 2) 

(3) The desorption curves can be traced back to the origin, i.e. the adsorbed 
vapour can be removed completely. This is true no matter whether the coal 
has previously been exposed to methanol vapour or not. 



Fig. I. 


(4) If successive isotherms are determined on a fresh sample of coal, the 
amount adsorbed at a particular pressure on the second adsorption may exceed 
the corresponding quantity on the first. 

(5) If the coal is flushed with methanol vapour prior to the determination 
of the isotherm, the adsorption curve may be reproduced. 

(6) When there is hysteresis, the desorption curve has no unique position but 
depends on how far the adsor|)tion has been taken (Fig. 3). 

Phenomena Associated with the Determination of the Temperature De¬ 
pendence.—The first attempts to determine the temperature dependence of the 

TABLE I. 



(<)al K. 

Coal H. 

Coal F. 

Ultimate Analysis 




% D.m.f. (Parr's basis) 




Carbon 

82-5 

83-1 

90*0 

Hydrogen . 

5-3 

5-3 

5-0 

Nitrogen . 

2*1 

2-0 

1*7 

Oxygen 

IO‘I 

9-6 

3*3 

Volatile matter, d.m.f.. 

38-2 

35-5 

24*3 

B.s. Swelling number 

li 


9 


isotherms were made on the desorption part of the cycle. When the equilibrium 
pressure obtained after desorbing a quantity of vapour at a temperature 
had been determined, the temperature was raised to T, and the new pressure was 
measured after allowing about 16 hr. to attain equilibrium. On returning to 
the original temperature the pressure was higher than before, the difference 
between the two pressures at Tj being about 50 % of the difference between 
the later pressure at and the pressure at T,. 

Subsidiary experiments were* carried out to investigate the effect in more 
detail and the following general observations were made. 

(i) When the temperature dependence was observed on the adsorption part 
of the cycle, the pressure changes were reversible. 
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(2) After desorption at attaining equilibrium, and raising the temperature 
to T 2, the pressure drifted to higher values. The drift at Tj was observed even 
when the pressure at Tj had been steady for two days. 



(3) If the temperature was then lowered to the original value a steady 
pressure was reached in about 15 min. and no change in pressure was observed 
during the subsequent 24 hr. 



(4) If the temperature was raised temporarily above T,, the drift at T* 
was accelerated. 

(5) On the logarithmic scale, the difference between the original and final 
pressures at the lower temperatures was equal (within experimental error) to 
the drift which occurred at the higher temperature. 
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(6) The drifts were greatest in the region of greatest hysteresis. 

(7) If desorption was effected at T, (the higher temperature) instead of 
at Ti, the pressure change on going to was reversible. 

Tliese observations strongly suggest that the peculiar behaviour of the system 
is due to the superposition of two effects, one which is reversible to within 
experimental error, the other an irreversible effect which sets in when the tem¬ 
perature is raised. The irreversible effect causes a gradual drift of the vapour 
pressure to higher values. In general, the magnitude of the reversible effect 
may be obtained from the pressure at the higher temperature and the value of 
the pressure subsequently observed at the lower temperature. 


Discussion. 

1. Sorption Isotherms on Goals. 

The main features of the isotherms are consistent with, and lend 
support to, a model for the structure of lower rank coals proposed by 
Bangham, Franklin, Hirst and Maggs.^^ The model was put forward 
as being the simplest representation of the structure of coal in accord with 
the essential features of the known experimental facts. The model is, 
of course, idealised. It is supposed that in an early stage of coalification, 
micelles of preferred size are formed and that throughout the subsequent 
history these tend to retain their individuality. A low rank coal is 
likened to an assembly of close-packed spherical micelles of equal size 
(about 200 A. diam.). From the physical standpoint, coalification is re¬ 
garded as a process whereby the contact regions of the micelles flatten so 
that the contact areas increase and the whole assembly consolidates. The 
coals used in the present investigation are three of those on which the 
experimental measurements leading to the model were made, and it may 
be stated that the Northumberland coal k would be represented as a close- 
packed spherical aggregate with little flattening in the contact regions, 
the Yorkshire coal h would have rather larger contacts and the Welsh 
coal F would have very large contact regions between the micelles (Fig. 4). 



(a) 0) (c) 

Fig. 4, 


Assemblies of this kind owe their cohesion in part to the strength 
of the actual contacts and in part to the surface forces which act across 
the narrow gaps around the contacts. As the contacts increase in size 
one would expect the relative contribution of the surface forces to diminish. 
This contribution should therefore be greatest for the Northumberland 
coal, less for the Yorkshire coal and least for the Welsh coal. 

The swelling of solids which occurs on adsorption of vapours has been 
discussed by Bangham,^* and one of the present authors has extended 
Bangham*s theory to cover the case when surface forces contribute ap¬ 
preciably to the cohesion. In this extension of the theory, it is supposed 
that in the course of adsorption the constituent units of the solid tend to 

Bangham, Franklin, Hirst and Maggs (in preparation). 

^•Bangham, Fakhoury and Mohamed, Proc, Roy, Soc. A, 1934, *l47i 152. 
Bangham, ref. 3, p. 26. 

Hirst, Faraday Soc. Discussion, 1948, 3. 



998 INTERACTION OF COALS WITH ALCOHOL 

be forced apart ♦ by the spreading force of the adsorbed film. Since 
surface forces fall ofi as an inverse power of the distance over which they 
act, the forces tending to cause the swollen solid to revert to its original 
condition are weaker than those which initially opposed swelling. It 
follows that on lowering the vapour pressure the solid does not revert to 
its original condition and the isotherms exhibit hysteresis. It may be 
noted that the observed sizes of the hysteresis loops are in the order which 
this theory would predict from the coal models. It should further be 
noted that according to the theory the following primary meaning is 
attached to the hysteresis loops : the large initial resistance to swelling 
prevents the solid from expanding sufficiently to adsorb the quantity 
of vapour consistent with the minimum free energy of the adsorbent for 
the vapour pressure. It follows that the free-energy lowering of the ad¬ 
sorbent must be calculated by using eqn. (i) in conjunction with the 
desorption curve.f 

The above ideas on the structure of coals and the mechanism of swelling 
suggest an explanation of the phenomena encountered when attempting 
to measure the temperature dependence of the isotherms. The pore 
system in an assembly of spheres contains constrictions whenever neigh¬ 
bouring spheres are in contact, and during swelling and shrinking these 
small holes will expand and contract. During desorption, the narrowing 
constrictions may trap some of the adsorbate. Helped by the increase 
in film pressure when the temperature is raised, the trapped adsorbate 
might force its way out, thus increasing the vapour pressure. This would 
explain very simply why the pressure changes should be reversible when 
desorption is carried out at the higher temperature. It is perhaps signif¬ 
icant that, when the sorption isotherms were retraced to the origin, the 
adsorbate could not be removed by pumping only. It was always 
necessary to raise the temperature to remove the last traces. 

To sum up, it appears from the preliminary experiments that the heat 
of saturation of coal by methyl alcohol may be calculated from the 
isotherms as follows : 

(1) by using the desorption isotherm to derive the free-energy lowering ; 

(2) by assessing the temperature dependence from the vapour pressures 

at two temperatures, when the temperature is changed from a higher 

to a lower value. 


11. Numerical Results. 

The Heat of Saturation and the Heat of Wetting. —The sorption iso¬ 
therms were extrapolated to saturation pressure p^, and the numerical 
values for the free-energy lowerings per gram of solid when exposed to 
saturated vapour, were derived by applying eqn. (i) to (a) the desorption 
curve and (ft) the adsorption curve. From the reversible temperature 
dependence of the isotherms determined on desorption, the temperature 
derivatives of the free-energy lowerings were evaluated and hence the 
heats of saturation, AHy, by applying eqn. (3). The results obtained 
for the three coals investigated are shown in Table II. Table II also 

♦ There is experimental evidence that on adsorption of vapours the con¬ 
stituent units of coal do, in fact, tend to separate. First, the volume of methyl 
alcohol adsorbed at saturation pressure exceeds the original pore volume by 
the order of 100 %, even when allowance is made for the compression of the 
liquid in the adsorbed phase. (It is assumed throughout that methyl alcohol 
is adsorbed on coal as an insoluble surface film.) Second, Maggs has demon¬ 
strated for one coal that the material is more deformable in the swollen condition. 

f It is shown elsewhere that if the work of expansion is appreciable the 
free-energy lowerings calculated from the desorption isotherms may be too great. 
No reliable measurements of the work of expansion are yet available, but it is 
believed that the corrections would not be large. 

Maggs (unpublished). 
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gives the heats of wetting measured directly, on identical samples, in a 
calorimeter (the “ routine ” calorimeter described in an earlier paper *). 

Discussion.— From Table II it appears that the heats of wetting 
determined experimentally are higher than the values calculated from the 
isotherms.* The measured calorimetric values could exceed the heat of 
wetting if the physical process were accompanied by a chemical reaction. 
It is, however, found experimentally that the calorimetric heat liberations 
are not lowered by repeated measurements on the same sample, so that 
the possibility of irreversible chemisorption may be ruled out. It is 
therefore concluded that the experimental values are not greater than 
the real heats of wetting, and hence that the calculated heats of saturation, 
A/Zy, are less than the heats of wetting. 

TABLE IT. 


Coal. 

- S(ACv) 

Desorption. 

Adsorption. 

Calorimetric. 

IT 

(cal./.degree) 

Ar,y. 1 Ally. 

(cal./g.). 

ACy. 1 AHy. 

{cal. la.). 

(cal./g.). 

K , 

0*19 

8-4 

13*2 

\ 

7-1 

11*1 

17-6 

n 

0*17 

6-3 

9*5 

5*4 ! 

8-1 

12*2 

F 

0*24 

2-5 

4*2 

1 

2*1 

3-8 

i 

47 


Two possible explanations of this result suggest themselves. 

I. As mentioned above, Af/y and AHj, are not necessarily identical. 
For example, Bangham and Razouk have shown experimentally that 
there is a real ditfercnce bctw'een the free-energy lowerings accompanying 
the saturation and wetting of charcoal by methanol. If the assumption 
is made that the ratio AHjjAHy (— 1*25) calculated from their data 
for the charcoal-methanol systems holds also for the coal-methanol 
system, one obtains the values for AHj^ shown in columns (4) and (5) of 
Table III. It will be seen that for coals k and H there still remains an 


TABLE III. 



AHy (cal./g.). 

AHj, (c.il./g.). 

Coal. j 

Calculated from Isotherms — 

Calculated from Isothenns 
usmg A ^l/A fty for 
Charcoal. 

Experimental 


1 a‘' ObsciA'cd. 

Corrected. 

(calorimetric). 


Adsorption 

(I). 

Desorption 

(*’). 

Desorption 

( 3 ). 

.Adsorption 

( 4 '- 

Desorption 

(6). 

K 


13*2 

15*8 

13*9 

i6-5 

17*6 

H 

8-1 

9*5 

11*5 

10*1 

II -9 

12*2 

F 

3-8 

4*2 

47 

4*7 

5*3 

4*7 


appreciable difference between calculated from the adsorption data (4) 
and the experimental values (6). The observation supports the liypothesis 
that the free-energy change should be calculated from the desorption 

* The reverse might have been expected, had the calorimetric results been 
subject to errors due to slow heat evolution (cp. p. 2). 

Bangham and Razouk, Proc. Roy. Soc. A, 1938, 166, 572. 
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isotherm and the good agreement between columns (5) and (6) will be 
noted. 

2. The free-energy lowerings, AGy, calculated from the desorption 
isotherms of coals k and h (which show marked hysteresis) may be too 
low. This is because the position of the desorption curve depends on 
how far the adsorption is taken (Fig. 3) and the true curve can only be 
obtained after allowing the solid to reach adsorption equilibrium at satur¬ 
ation vapour pressure. Unfortunately,* with the apparatus used, it was 
difficult, without loss of experimental accuracy, to take the isotherm 
further than 0*85 saturation pressure. The observed desorption curves 
may therefore lie below the true curves. An attempt has been made to 
set a limit to the resulting error f in the calculated values Aify column (2), 
and the corrected values so obtained are shown in column (3) of Table III. 
These are in much closer agreement with the experimental heats of wetting. 
It should be noted that there is no corresponding correction which would 
raise the experimental adsorption curve so that the discrepancy between 
the values in columns (i) and (6) still remains. 

When the desorption isotherms are used as the basis for calculation, 
the two suggested methods of correction (perhaps taken together) are 
adequate to account for the discrepancy between the calculated and 
experimental heats : i.e. there is no evidence to show that a significant 
difference exists between these values. It is concluded, therefore, that 
the experimental heats of wetting are approximately correct, and that 
no large part of the heat is liberated too slowly to be detected by the 
calorimeter. It should be emphasised, however, that this result was ob¬ 
tained using samples of coal of a particular size grading ( — 240 b.s.s.). 
The effect of particle size on the apparent heat of wetting and the structural 
changes which occur when coals are ground, form the subject-matter of 
a later paper. 

Note on the Differential Heats of Adsorption. —From the measured 
temperature dependence of the equilibrium vapour pressure,! the differ¬ 
ential heats of adsorption of methyl alcohol on the three coals have been 
calculated using the Clapeyron-Clausius equation. The net heats (i.e. 
the difference between the total energy of adsorption and the latent heat 
of condensation—9,200 cal./mole—of methanol) derived at various points 
on the isotherms are shown in Table lY. (The estimated accuracy is 
i 200 cal./mole.) The results may be summarised as follows. 

(1) All the net heat values exceed zero by an appreciable amount. 

(2) Over the course of the isotherm the net heat of adsorption drops 
from 3,500-4,000 cal./mole to about 1,000 cal./mole for coals k and h, 
and from 3,000 cal./mole to about 1,500 cal./mole for coal F. The larger 
drop suggests that in the case of the first two coals the adsorbed films 
are thicker. This is also suggested by the difference in the shape of the 
isotherms and would be in accord with the predictions of the theory under¬ 
lying the model concerning the relative pore sizes of the coals. 

* The theoretical argument (see p. 997 and ref. ^®), that the desorption isotherm 
should be used for calculating the free-energy lowering, developed from con¬ 
sideration of the experimental results given in the present paper. These were 
sufficient to show that there was no large error in the calorimetric heats of wetting 
and the primary object of the investigation had thus been achieved. To deter¬ 
mine the exact position of the desorption isotherm further experimental work, 
using more suitably designed apparatus, will clearly be necessary. For the 
present purpose the magnitude of the correction was estimated roughly as follows. 
The extrapolation of the desorption isotherm to saturation pressure gives a 
smaller saturation capacity than is obtained by extrapolating the adsorption 
curve. If we assume that, at any pressure, the ratio of sorption capacities cor¬ 
responding to the true and observed desorption curves, respectively, is equal 
to the ratio of the saturation capacities obtained by the two methods of extra¬ 
polation, then the true and apparent free-energy lowerings would show the same 
relative difference. For coals k and h this difference is of the order of 20 %. 

t The reversible temperature dependence determined as suggested on p. 997. 
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(3) The low-pressure values for the net heats are about 4,000 caL/mole. 
for coals k and h, and 3,000 cal./mole for coal f. A small increase in the 
methanol heat of adsorption with the oxygen content of the coal is there¬ 
fore indicated. 

TABLE IV.— Differential Heats of Adsorption. 


PIP, . 

Coal K 

0*02 

0*15 

0*41 

0*52 

0*69 

m X lo* (g./g.) . 

4*1 

7-6 

11*5 

12*5 

14*9 

Net diff. heat (cal./mole) . 

1 3.600 

2,500 

1,600 

1,200 

900 

pjpQ .... 

Coal H 

0*02 

0*10 

0*20 

0 ' 5 I 

0*79 

m X 10* (g./g.) . 

3.6 

5*8 

7*2 

10*3 

12*9 

Net diff. heat (cal./mole) . 

4.300 

3,000 

2,300 

1,500 

9C0 

PlPo .... 

CDal F 

0*02 

0*14 

0*42 

0*70 

0*87 

m X 10* (g./g.) . 

1*2 

2-6 

3*9 

4*7 

5*0 

Net diff. heat (cal./mole) . 

3.100 

2,500 

2,000 

1,700 

1,500 


{4) The low-pressure value for the methanol heat of adsorption on 
coal F is in good agreement with the value obtained by Razouk for 
methanol on charcoal (3,200 cal./mole). The latter figure was found to 
remain constant up to saturation pressure. 

The authors wish to record their gratitude to Dr. D. H. Bangham, 
Director of B.C.IJ.R.A. Research Laboratories, for his interest and advice 
in connection with this work. 


Summary. 

Pairs of sorption isotherms at different temperatures enable the free and 
total energies at saturation to be calculated by the method of integration. 
Sorption hysteresis, where present, introduces an element of uncertainty into 
the calculation, but an attempt is made to overcome this difficulty and to explain 
the cause of the hysteresis effects encountered. The calculated values of the 
heats of saturation are compared with the heats of immersional wetting in the 
liquid as determined calorimetrically. 

Values for the differential heats of adsorption are deduced at several points of 
the isotherm. 

B.C.U.R.A,, 

13 Grosvenor Gardens, S.PT.i. 

Razouk, J, Physic. Chem., 1941, 45, 190. 


THE MERCURY-CHABAZITE SYSTEM. 
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Among observations by Grandjean ^ on the sorption of inorganic vapours 
by zeolites was the discovery that chabazite would take up 27 % of its 
own weight of mercury. Wyart • later found that as much as 60 % by 
weight of mercury could be occluded, and his X-ray study suggested a 

* Grandjean, Bull. Soc. franc. Miner., 1910, 33, 5. * 

* Wyart, ibid., 1933, 5 ^* and 142. 
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regular array of mercury atoms in interstitial positions within the crystal. 
Measurements of sorption by chabazite and other zeolites are nearly 
always made using mercury as manometric fluid, so that it is important 
to study quantitatively the sorption kinetics and equilibria of mercury in 
chabazite, not only for themselves, but also to find to what extent mercury 
vapour may interfere with equilibria involving other vapours. There 
are few quantitative investigations of uptake of mercury vapour on any 
sorbent, an exception being a study by Coolidge ® of the mercury-charcoal 
system. Coolidge was able to establish that mercury vapour would not 
interfere appreciably with other charcoal-vapour equilibria, and that the 
sorption of liquid mercury by charcoal occurs endothermally. 

Experimental. 

Neither Grandjean nor Wyart made any attempt to exclude air from the 
mercury-chabazite system. In the present study, high-vacuum conditions 
were used for many measurements, by modifying the McBain-Bakr silica spring 
sorption balance to operate up to 400® c. Coarsely powdered chabazite was 
suspended in a small glass bucket, in a sealed Pyrex tube. This Pyrex “ balance- 
case ” was surrounded by a tubular electrically heated furnace, well lagged but 
with a narrow unlagged slit at the front and back. The slit served as a window 
for measurement by cathetometer of the length of the spring. The balance 
case was joined at its lower end to a small re.servoir of carefully purified mercury, 
independently heated. Manual control of both re.servoir and balance case gave 
an accuracy of i® c. in each temperature. The silica spring was calibrated at 
three different temperatures covering the range of the measurements. Reliable 
interpolation to other temperatures within this range was then possible. After 
it had been outgassed in situ in the balance case for 20 hr. at 380® to 400® c., the 
chabazite was exposed in the sealed case to mercury vtipour at various pressures 
and temperatures, and isotherms raea.sured. The pressure, p, of mercury vapour, 
w’as obtained for any temperature, 1 \ from p—T data.* The sensitivity of 
the spring was 4*904 cm./g. at 17® c., and 4*730 cm./g. at 3()3® c. ; extensions 
could be read to 0*002 cm., corre.sponding to an accuracy of 0*4 mg. The weight 
of the chabazite being 0*3622 g., this corresponds to about 1 mg./g. of chabazite. 
A small correction w?s made for the buoyancy of the bucket, chabazite and spring 
it.sclf, at vaiydng pressures of mercury vapour, but this was never more than 
0*3 mg. 


Results. 

On exposing the chabazite to mercury vapour at a temperature of 320° c., 
a substantial sorption was' noted, but when the mercury vapour pressure was 
made negligible (by cooling the mercury) desorption was only partial. In .suc- 



Fig. I. —Irreversible uptake of mercury in presence of air. 

cessive cycles of exposure to mercury (up to 120 mm. pre.ssure) and removal of 
vapour, there was a progressive irreversible uptake of mercury f (Fig. i). 
Simultaneously the chabazite developed a deep bronze colour. On breaking 
open the seal into the system it was found that about 3 cm. pressure of gas 

* Coolidge, J. Amer. Chem. Soc., 1927, 49, 1949. 

* Inter. Crit. Tables. 

f The time scale in Fig. i does not represent the true rate of sorption or 
desorption but is believed to be that for heating or cooling of the mercury. 
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had collected, due to slow leak or to desorption from the Pyrex under the 
influence of hot mercury vapour. When the bronze product was exposed to 
(moist) air, the colour darkened rapidly, becoming a lustrous jet black within 
20 min. The amount of mercury taken up irreversibly was about ii % by 
weight of the chabazite, as estimated by weighings on the McBain-Bakr balance, 
by weighing the product and comparing with the original weight of chabazite, 
and through density determinations (by flotation in benzene and ethylene di- 
bromide for natural chabazite and in ethylene dibromide and bromoform for 
the black product).* 

This behaviour in imperfect vacuum suggested that the irreversible sorption 
may be associated with the presence of air or other gases. The colour changes 



Fig. 2.—Sorption isotherms for Hg on chabazite under high-vacuum conditions 
(0*3622 g. of chabazite in each case). 

were, moreover, rather .similar to those observed by Grandjean and Wyart, 
who, as already noted, did not exclude air. Proof of this is provided by experi¬ 
ments given on p. 1005. In order that the vacuum could be checked periodically, 
the sorption system was modified .so that the balance case could be isolated by 
a mercury cut-off rather than by sealing off. In high vacuum, sorption of mercury 
vapour was now found to be fully reversible, and equilibrium was established 
extremely rapidly. Moreover this reversible sorption was very much smaller 
than that previously observed h ^ in presence of air, e.g. at 245° c. the total 
uptake of mercury at the highest pressure used was 3*5 mg. Isotherms at five 
temperatures are shown in Fig. 2. The experimental points make it clear that 
in all cases the sorption is proportional to the pressure, and the full lines are 
drawn by the method of least squares. The temperature coefficient in the 

* Allowing here for w^ater which entered the chabazite on exposure ^o moist 
air. None of the liquids used in density determinations are themselves occluded 
by chabazite. 
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isotherms is not great, and to avoid confusion in presentation the isotherms are 
given separately. The heat of sorption AH can be calculated from the relation 

/ In ^ \ _ AH 
[ )w ” 

p being the equilibrium pressure for a fixed sorption, x, of mercury. The slope 
of the curve in which In p is plotted against i/T is then ~ AH/R (provided AH 
does not change in the temperature interval considered). The experimental 
points so plotted did fall nearly on a straight line (see Fig. 3) and the best line 



I-og, p. 

Fig. 3.—Isosteres for sorption of Hg by chabazite. 


drawn by the method of least squares gave AH — — 5,800 cal. /g.-atom of mercur>'. 
This heat is less than the initial sorption heat of nitrogen in chabazite, about the 
same as that for argon, and greater than that for hydrogen. As separated atoms 
therefore, mercury behaves very like the permanent gases, and does not show 
towards its environment a great polarisability, a, or van der Waals' cohesive 
constant, a, such as characterises it in the liquid state. The isotherms were un¬ 
avoidably in the dilute range ; whether a dense interstitial population of mercury 
atoms would develop any metallic properties could not therefore be tested. 

The heat of sorption is also considerably smaller than the latent heat of con¬ 
densation, AHe = — 13,600 cal./g.-atom. Thus the transfer of mercury from 

liquid mercury to chabazite will 


TABLE I.— ^Maximum Sorption of 
Mercury Vapour. 


be an endothermal process, 
favoured by high temperatures. 
It is important to find the maxi¬ 


Temperature 
in “c. 

Maximum Wt. of Hg sorbed 
in g/.ioo g. Chabazite. 

100 

<0*1 

200 

0*8 

250 

1*9 

300 

3*9 

350 

7*0 

400 

11*6 

450 

19*0 


mum sorption values at each 
temperature, and to attempt an 
extrapolation to the low tempera¬ 
ture end so as to show how much, 
if any, mercury will interfere with 
sorption equilibria involving other 
gases. From the isotherms, one 
may derive the isostere corre¬ 
sponding to an uptake of i mg. 
of mercury by 0*3622 g. chaba¬ 
zite, and plot this in the form In p 
against ijT. Assuming that 
Henry’s law continues to describe 


the sorption equilibria, parallel 
isosteres corresponding to i, 5, 10, 20, 50 and 100 mg. Hg/g. chabazite can be 
drawn (Fig. 3). In Fig. 3 is also shown the saturation vapour pressure of liquid 
mercury, the plot of which (as In p against i/T) intersects the isosteres. The 
points of intersection set an upper limit to the maximum possible sorption at 
each temperature, since if In p passes to the right of the saturation pressure line, 
liquid mercury will appear.* Table I shows the maximum sorptions possible at 


different temperatures. 


* A similar procedure has been used by Coolidge * to obtain the maximum 
sorptions possible in charcoal. 
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These data show clearly that mercury is sorbed only to a negligible extent 
at room temperatures or below, and is quite suitable as manometric fluid in 
sorption studies involving chabazite. Likewise the data indicate that the 
27 % increase in weight of chabazite heated with mercury in air at 320° c. ob¬ 
served by Grandjean, and the 40-60 % increase at. 360° c. of Wyart far exceed 
the theoretically possible reversible sorption limit. Moreover the sorption we 
have studied above produced none of the vivid colour changes noted by these 
workers, and by ourselves, for the irreversible uptake noted earlier. Experiments 
were accordingly made to demonstrate conclusively that oxygen was occluded 
with the mercury in an irreversible interstitial reaction. 

The Mercury-Oxygen-Ghabazite System. 

The method finally adopted to demon.strate simultaneous uptake of oxygen 
and mercury was as follows. Chabazite 2*2 g.) outgassed at 380° c. was 
heated in a bulb containing pure oxygen.* The bulb was joined to a manometer, 
and except for small sections of capillary tubing at room temperature, the 
temperature was controlled to within o*i° c. by water or liquid paraffin baths. 
A graph was constructed showing the pressure registered as a function of tem¬ 
perature, over the range room temperature to 150° c. (Fig. 4, Curve 1). A 



Fig. 4.—Mcrcury-oxygen-chabazitc and mercury-nit rogen-chabazite behaviour. 

small appendage to the main bulb contained mercury which during the heating 
was at room temperature. By tilling the apparatus, however, the mercury 
was run into the main bulb into contact with the chabazite, and the mercury- 
oxygen-chabazite .system heated at 300® c. for i hr. The initially high oxygen 
pre.ssure at 300c. was actually observed falling as the chemisorption proceeded, 
and the chabazite developed the characteristic colour already noted (golden 
yellow deepening to bronze). After this period of i hr. at 300° c. a pressure- 
temperature curve w'as again obtained over the interval room temperature to 
150^" c. This second curve lay far below’the first one (Fig. 4, Curve 2). From 
the known dimensions of the apparatus it was calculated from the pressures 
at 150° c. that i8*0 ml. oxygen at n.t.p. had been chemisorbed. f Assuming 
as a reasonable estimate that one atom of mercury is chemisorbed for each atom 
of oxygen, this corresponds to a 15 % increase in weight during uptake of mercury 
and oxygen. 

* Obtained from outgassed KMn04 by heating in vacuum, and dried over 

PiO|. 

t The approximation sign is used because there may be a slight van der 
Waals’ sorption at 150° c. both before and after chemisorption, and the degree 
of convergence of the graphs in Fig. 4 towards the lower temperatures, shows 
that the sorptive power for oxygen of the mercury-containing chabazfte is less 
than that of the mercury-free chabazite, so that the figure of i8*6 ml. at n.t.p 
is a lower limit to the amount chemisorbed. 
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As a final test, an exactly comparable experiment was made using nitrogen. 
As expected (Fig. 4, Curves 3 and 4) the curves before and after heating with 
mercury nearly coincide, and there is no evidence of chemisorption in the mercuiy- 
nitrogen-chabazite system. There was no colour formation whilst the chabazite 
was hot, although on cooling a faint grey tint developed, ascribed to desorption 
of mercury as tiny liquid droplets on cooling, as would have occurred under 
vacuum conditions. 

Colour Changes in the Mercury-Oxygen-Chabazite System. —It has 

been noted, in agreement with Grandjean,^ that on heating the mercury-oxygen- 
chabazite system, the chabazite is coloured first yellow then bronze, and that 
this product sorbs water to give shining black crystals of sorbent. Also, on 
heating, the black product becomes orange, yellow and finally white, water 
being evolved before mercury. It was then further demonstrated that other 
carefully dried polar gases also gave characteristic colour changes with the 
bronze or yellow crystals, as summarised in Table II. 

TABLE II.— Colour of Crystals before Treatment, Pale 
Yellowish-Brown. 


Gas. 

How Dried. 

Colour Developed in Crystals 
after Treatment, 

H,S 

Over phosphoric oxide, pro¬ 

Dark grey, lustrous, resemb¬ 

longed treatment 

ling lump graphite 

SO, 

As above 

Lustrous black with brownish 
tendency 

NH, 

Over freshly ignited quick¬ 

Silvery grey, not so dark as 


lime 

with H,S, resembling galena 


Thus nearly neutral (H, 0 ), acidic (HjS, SO,) and basic (NH3) molecules may 
give these colour changes. It is perhaps significant that all may donate electrons 
and form co-ordinate links. 

The colour changes in the mercury-oxygen-chabazite system are themselves 
complex and need further study. The product described as bronze is a deep 
orange brown when hot, but becomes paler and duller on cooling. If sufficient 
mercury and oxygen are chemisorbed it is possible to obtain a product which 
fails to blacken on exposure to moisture, possibly because the interstitial channels 
are fully occupied by mercury and oxygen and there is no room for water to 
enter. Wyart * mentions a product formed at 360° c. which is shining black 
but which turns brick red on exposing to moist air. This phenomenon, which 
we have not observed, would be a colour change in the reverse sense to the 
normally found sequence. 


Discussion. 

The present paper forms an introduction to a chemistry of inter- 
stitially-distributed atoms. Whatever the nature of the mercury-oxygen 
complex within the chabazite, it cannot be distributed spatially with the 
lattice characteristic of any bulk oxide of mercury. Rather, it must 
form a rarefied lattice—possibly as linear arrays of mercury and oxygen 
ions—supported by the framework of the zeolite. The complex series 
of colour changes with polar gases suggest interactions of a chemical nature 
which do not recall known reactions of bulk mercury oxides. The be¬ 
haviour suggests a field of study in which interstitial reactions between 
occluded molecules may be examined and compared with those in gaseous 
and bulk phases. Such pairs of molecules may have to react in special 
orientations and in strongly perturbing force fields due to the zeolitic 
lattice. 


Summary. 

In high-vacuum conditions, mercury vapour is sorbed reversibly and exo- 
thermally by chabazite, according to Henry's law. The sorption heat is less 
than the initial sorption heat of nitrogen and about the same asJ:hat of argon. 
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and the mercury atoms in their interstitial environment, evidently show between 
themselves or with the chabazite, little of the strong adhesion which character¬ 
ises them in liquid mercury. This results in sorption of liquid mercury by 
chabazite being strongly endothermic, the amounts then occluded being negligible 
except at elevated temperatures (> 200° c.). Mercury is therefore suitable as 
a manometric fluid in studying other sorptive equilibria in chabazite. 

In the presence of air or oxygen, mercury and oxygen at high temperatures 
together undergo an irreversible intracrystalline chemisorption. This chemi¬ 
sorption is often accompanied by vivid colour changes. No less vivid additional 
colour changes are shown when H, 0 , NHj, H,S or SOg are contacted with the 
interstitial mercury-oxygen complex. 

The Chemistry Department, The Chemical Laboratories, 

Bedford College (Univ. of London), The Technical College, 

Regent's Park, NW, i. Bradford, Yorks. 


STATISTICAL THERMODYNAMICS OF 
CO-OPERATIVE SYSTEMS (A GENERALIZATION 
OF THE QUASI-CHEMICAL METHOD). 

By E. a. Guggenheim. 

Received igth February, 1948. 


1. Introduction. 

The exact application of statistical thermodynamics to co-operative 
systems leads to insuperable mathematical complications. To make 
useful headway some kind of approximation is necessary. One approxi¬ 
mate method of approach, which has proved useful, is that called the quasi^ 
chemical method. This method of approximation was first applied to a 
model of a regular solution ^ in which each molecule is supposed to occupy 
one site of a lattice. The same method was later applied to a super¬ 
lattice * in a solid alloy. Finally the method was extended to a mixture 
of any number of kinds of molecules differing among themselves in the 
number of sites occupied by one molecule.® At the same time it was shown 
that an apparently different method of approach, generally known as 
Bethe's method, in fact implicitly uses the same approximation as the 
quasi-chemical method and consequently must lead, b}^ more devious 
routes, to identical results. 

The conditions of quasi-chemical equilibrium and all the thermodynamic 
formulie derived from them, contain parameters w closely related to the 
heats of mixing. It is the object of the pre.sent paper to examine more 
carefully than hitherto the physical definition of xv and to show that the 
assumption hitherto made that w is independent of temperature is 
unnecessarily restrictive. 

It will be necessary to begin by summarizing the notation, definitions, 
assumptions and conclusions of a previous papt'r ® before proceeding to 
discuss and generalize them. For the sake of brevity the discussion will 
be confined to the simple case of a mixture containing only two kinds of 
molecules. The conclusion reached is, however, mutatis mutandis valid 
for mixtures of any number of kinds of molecules and also to superlattices 
in crystalline alloys. 

^Guggenheim, Proc. Roy. Soc. A, I935» 1481 304- Rushbrookc, Proc. Roy. 
Soc. A, 1938, 166, 296. 

* Fowler and Guggenheim, Proc. Roy. Soc. A, 1940, 174, 189. 

’Guggenheim, Proc. Roy. Soc. A, 1944, 213. 
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2. Notation and Counting Operations. 

Let Nj^, Nji denote the number of molecules of types A, B respectively. 
Let each molecule A occupy sites and each molecule B occupy sites. 
Let the number of sites which are neighbours of any one site be z. 
It will be assumed that the structure of both kinds of molecules are such 
that the elements which occupy a single site are interconnected in the 
molecule as a simple chain or a branched chain, but that there are no closed 
rings in the molecule. Parameters are defined by 

- ^?a) = - i).(2.1) 

- ^b) == 2(r„ - I).(2.2) 

The physical meaning of is that is the number of sites neighbours 
of the sites occupied by a molecule A, excluding those neighbours of 
each site occupied by the next element of the same molecule. The 
physical meaning of is similar. 

Let /a, /j, denote the partition functions of molecules of types A, B 
respectively attached to a given set of sites ; /^, /„ are assumed independent 
of the choice of the given sites. This avSSumption is accurate provided 
each possible internal rotation in a molecule is either unrestricted or 
completely restricted. 

It is assumed that in any given configuration of the system the inter- 
molecular potential energy U consists of a sum of terms, each pair of 
neighbouring sites occupied by elements of different molecules contribut¬ 
ing one term. Let denote the contribution to 17 by a pair 

of sites according as both sites are occupied by A molecules or both by 
B molecules or one site by each type of molecule. 

Let the number of pairs of neighbouring sites occupied one by a mole¬ 
cule A, the other by a molecule B be denoted by zX. Then from the 
definitions of it follows that the number of pairs of neighbouring 

sites both occupied by molecules A is 

.... ( 2 . 3 ) 

and the number of pairs of neighbouring sites both occupied by molecules 
B is 

- lz{q^N,, ~X) .(2.4) 

The total intermolecular potential energv U of the system is then given 
by 

U = - -^)“aa + 4 - - X)UaB 

= ^^?A^aMaA + .... (2.5) 

where u is defined by 

w Mab - i^AA - J^BB.(2.6) 

It is convenient to include in the partition functions /a and /j, factors 
exp (— and exp(— i^q^^BnlkT) respectively. If we do this 

we shall not need to pay any further attention to the first two terms 
in (2.5). We need con.sider only A 17 , the excess of (J in the mixture over 
its value for the two components A and B before mixing. We accordingly 
replace (2.5) by 

AU — zXu, .... (2.7) 

The quantities here denoted by 17 , u have previously been denoted 
by W, w respectively. The change in notation is deliberate and the 
reason for it will appear shortly. 

3. Quasi-Chemical Method. 

We must now recall and summarize as briefly as possible the funda¬ 
mental principles of the quasi-chemical method taken directly from a 
previous paper ® but confining ourselves for the sake of brevity to mixtures 
of only two species of molecules. 
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loop 


The partition function Q of the system is written in the form 

Q = Nj,, X) exp (~ zXw/kT), • • (S-i) 

where g(iV’^, N^, X) denotes the number of distinguishable configurations 
of all the molecules A and molecules B for a given value of X, 
This combinatory factor N^, X) is expressible as an explicit function 
of N^, X involving as parameters z, Yj^, q^. The summation 
in (3.1) extends over all possible values of X, 

The quantity w occurring in (3.1) may be roughly described as the 
free energy of formation of a single contact between a molecule A and a 
molecule B. The precise physical nature of w will be discussed in § 5, 
where we shall find that w is closely related to but not identical with w. 

As usual for any macroscopic system we may without any sensible 
loss of accuracy replace the sum (3.1) by its maximum term in which X 
is determined by 



When we insert the complete expression for X) 

eqn. (3.2) becomes 


A'2 

- X)(q^N^ - X) 


~ Q-lwIhT^ 


into 0, 


( 3 - 3 ) 


which is called the condition of quasi-chemical equilibYium because of its 
formal similarity to the condition of equilibrium for the chemical reaction 

AA + BB 2AB. .... (3.4) 


It is convenient to define a fraction d by 
e I - 

+ ?n^l) 

and a quantity ^ by 

|3 -= {(i — 20 )^ H- 49(1 — fl) e 2 w'/kr}*. 


( 3 - 5 ) 


( 3 - 6 ) 


The solution of the quadratic equation (3.3) for A" may then be written in 
the form 


_ X _ ^ 28(1 - 6 ) 

H” P -f I 


( 3 - 7 ) 


If we replace by 1 in (3.7) we obtain the zeroth approximation referred 
to in Section 7. 


4. Free Energy of Mixing. 


The free energy F is related to the partition function Q by 

F^kTlogQ, .... (4.1) 

where Q may be replaced by its maximum term identified by (3.7). We 
are in fact interested mainly in the excess AF, called the fYce encYgy of 
mixing, by which F of the mixture exceeds F of the two components 
unmixed. We obtain eventually 

AF = AF, + AF2.(4.2) 

where 


AFi (»'aJVa) 1 {ruN ^)! , ..(?aJVa) ! I KN,, + r^N ^)! 

kT - (r,N, + r„N ^)! + [r^N ,)! (r^N „)! (q,N, + q„N^) !' 

+ ?BJV 3 ,){ 91 og +(!-«) log 


}• 


( 4 - 3 ) 

(4-4) 


Whereas AFi is independent of w, AF, vanishes with w. We may there¬ 
fore regard AF, as the part of the free energy due to w differing ^jom zero. 

For full details of this derivation the reader is referred to the previous 
publication.® 
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5. Nature of w. 

We now come to the main point of the present paper, which is to 
examine the physical meaning and thermodynamic properties of the 
quantity w. In order to do this, let us discard all previous definitions 
of w and consider whether we may not regard the fundamental equation 
(3.1) of the quasi-chemical method as defining w. There obviously must 
be some quantity w having the dimensions of a molecular energy such 
that, if we assign to it a suitable value, formula (3.3) which follows directly 
from formula (3.1) will give the right value for X. The w so defined is 
in fact a rather complicated average energy. Consider a given pair of sites 
both occupied by A molecules and another given pair both occupied by 
B molecules and let Wi denote the intermolecular energy cf the whole 
system when the two given pairs of sites are occupied as described while 
all other sites are occupied in all conceivable ways and one averages over 
all physically possible configurations attaching the exact appropriate 
Boltzmann factor to each configuration. Now suppose each of the given 
pairs of sites to be occupied by two molecules one A, the other B, and 
let denote the intermolecular energy of the whole system averaged 
in a manner similar to that used to define W^. Then the difference W^—Wi 
is equal to the quantity 2w which will make equation (3.1) accurate. We 
may loosely describe as the average work required to change the manner 
of occupation of the two pairs of sites quasi-statically and isothermally 
or still more loosely as the increase in the intermolecular free energy when 
the manner of occupation of the two pairs of sites is changed as described. 

Whatever definition we choose of w in (3.1) and (3.3) the two following 
points are clear. 

(a) It is essential for the usefulness of the equation of quasi-chemical 
equilibrium to regard w as independent of the composition of the mixture. 
This is, in fact, the fundamental approximation in this treatment. 

(b) The whole argument, including the definitions and the formulation 
of the condition of quasi-chemical equilibrium, is isothermal. Every¬ 
thing which has been said may be regarded as applying to a given tem¬ 
perature. Nothing in the argument requires that iv, any more than /^, 
should be independent of the temperature. 

We shall accordingly proceed as hitherto to regard w as independent 
of composition, but in contrast to our previous attitude we shall no longer 
regard w as independent of temperature. 


6. Total Energy of Mixing. 

From the free energy F we can derive the total energy E according to 
usual thermodynamic procedure by differentiating F/T with respect to 
i/r. Since AFilT is independent of T, it contributes nothing to the 
energy of mixing, which is due entirely to t^F^jT and is given by 

d(AF./r) diS d(u;/T) 

“ ~dr~ ■ d{wr) • d^- • • • 

By straightforward, if lengthy, algebra it is found that 


d(AF,/r) 

dp 

dp 

d(wlT) 

djw/T) 

d(i/T) 


(1 - 20 )* 
kp 


4fl(i - e)p 

(I - 2e)*}{p + I}’ 


Substituting the last three relations into (6.1), we obtain 


AE = z(q^N^ + ^bVb) 


2^{i - 6 ). 


This formula differs from the formula previously obtained by the extra 
term — Tdte^/dT. There will be a corresponding extra term in dwjdT 
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ion 


in the formula for the entropy of mixing, since there is no change in the 
formula for the free energy. 

Comparing (6.5) with (3.7) we observe that 

AE = zx(^w-T^'j .( 6 . 6 ) 

where X denotes the average or equilibrium value of X corresponding 
to the maximum term in the partition function Q. But with this inter¬ 
pretation of X, it follows from (2*7) and it is in fact physically obvious that 

A£ = zXu .(6.7) 

Comparison of (6.6) with (6.7) reveals that 


It is accordingly reasonable to call w the free energy of formation of a single 
AB contact and to call u the total energy of formation of a single AB contact. 
In the previous treatment it was assumed that w was independent of tem¬ 
perature, in which case the distinction between u and w disappears. 

7. Zeroth Approximation. 

The zeroth approximation is obtained by expanding /S in powers of 
wjkT and neglecting terms of the order (wjkTY. We accordingly replace 
(3.6) by 

;8 = 1 + 40(j — e)w/kr .(7.1) 

Using this in {4.3) we obtain correct to terms of the first degree in wJkT 


AF, = 4 — 9 )w 


?A^A + 9b^B 


in place of (4.3). Formula (4.2) is unaffected by the approximation. 

The formula for the energy of mixing AE follows immediately from 
(7.2), namelv 

(w-T^).. . .( 7 . 3 ) 

A. \ dT/ 

This differs from the previously obtained formula by the inclusion of 
the term — Tdwld 2 \ There will be a corresponding term in dw/dT 
in the entropy of mixing. 

8. Flory’s Approximation. 

The zeroth approximation outlined in the previous section relates to 
AF*, but does not affect AFi. A different approximation affecting AFj 
can be obtained as follows. We begin by using Stirling's formula for the 
factorials in (4.3) and at the same time use (2.1) and (2.2). We thus obtain 

W-- ">* - <*' - .-I N.' + U 


= JV4 log 


^A-IVa + 


Nalog 


»'a^A + ^B^B 


, (»'a9b - ?a»'b)-'Vb ) , (9a»'b - »-a9b)-?^a 

- log {I 4 - ^^(^-]v74r^)| - 




(8.1) 
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Formula (8.i) is as accurate as the original formula (4.3). We now assume 
that 

> 1 »'a - »'b I .(8-2) 

SO that we may expand the last two logarithms in {8.1) and replace each 
by its leading term. When we do this we find that these two terms cancel, 
SO that (8.1) reduces to 


~kT 


- N, log 




+ -Vb log 


^k^k + ^bVb* 


(8.3) 


This approximate formula was first obtained by Flory.* I had pre¬ 
viously shown * that this approximation can be obtained using the 
assumption 

> I.(8-4) 


which does not correspond closely to reality, since the maximum value 
of ^z, corresponding to close packing, is 6. I am indebted to Dr. G. Gee 
for pointing out that (8.4) may be replaced by a less restrictive condition 
such as (8.2). 

The conation (8.2) would of course be satisfied if (8.4) were satisfied. 
It is also obviously satisfied when in which case takes the 

same form as AF for ideal mixtures. A more interesting case is when 


so that, a fortiori. 


l^qk > • 


(8.5) 

( 8 . 6 ) 


9. Conclusion. 

We have seen that it is allowable to remove the restriction that w be 
regarded as independent of temperature. There remains the question 
whether it is UvSeful to do so. It seems quite likely that it can be useful 
for the following reason. It has been shown by Gee ^ that for solutions 
of rubber in various solvents there is satisfactory agreement between 
theory and experiment as regards the free energy of mixing but not as 
regards the energy nor the entropy of mixing. Gee has suggested that 
the agreement as regards the free energy may be due to a fortuitous 
cancelling of errors. I prefer to believe that the agreement as regards 
the free energy is not fortuitous, but suggest that the disagreement as 
regards the energy and the entropy may be due to the omission of the 
terms in dwjdT, 


Summary. 

The quasi-chemical method of approximating to the thermodynamic functions 
of a co-operative system is analysed more deeply than previously and is general¬ 
ized by removing the restriction of treating the parameter w as independent 
of the temperature. This quantity w may be regarded as the free energy of 
formation of a single contact between two molecules of different types. The 
corresponding total energy of formation of each such contact is — TdwjdT, 


Chemistry Department, 

Reading University. 

* Flory, J. Chem. Physics, 1942, 10, 51. 

* Gee, J. Chim. Physique, 1947, 44f 66. 



THE ADDITIVITY OF Te* FOR SOME NON-LINEAR 

MOLECULES. 

By L. Grunberg and A. H. Nissan, 

Received Sth March, 1948. 

Recently ^ we derived from the theory of viscosity at the critical 
point that the cube of the critical temperature, Tg®, should be propor¬ 
tional to the molecular weight for the «-paraffins C, to Cg. Agreement 
was found between the prediction and the experimental results, as can 
be seen from Fig. i. Since the molecular weight is an additive property, 
we deduced that is an additive property for these compounds. We 
investigated a number of other substances with respect to the additivity 
of 



The results of our investigations showed that the additivity of 
seems to be characteristic of many classes of substances. Expressing 

T» = 2 Ar.», 

one can attribute to every atomic grouping a characteristic value of 
AIV® so that the sum of the ATe® values equals] to T*®. Quite generally 
we found that— 

(а) The additivity rule is restricted to non-linear polyatomic mole¬ 
cules. For example, the ATj® value for chlorine, obtained from aliphatic 
or aromatic chlorine compounds, cannot be used to compute the critical 
temperature of chlorine itself. 

(б) An atomic grouping, introduced into a molecule in such a way 
as to reduce internal rotation, increases the value of ATe*. Thus the 
presence of several methyl groups on the same carbon atom or on adjacent 
carbon atoms increases the AT^,® values. 

^ Grunberg and Nissan, Nature, 1948, 161, 170. 
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(c) Externally hindered rotation, such as hydrogen-bond formation 
increases the ATf.^ values. In a homologous series the ATg^ value of the 
hydrogen bond-forming group decreases as we ascend the series, due to 
steric shielding by the non-polar part of the molecule. 

In the following part of the paper the additivity rule of as applic¬ 
able to various classes of compounds, will be investigated. The units 
of used throughout are in lo^ (degrees).* 

Investigation of Additivity Rule. 

n-Paraffins. 

Table I gives the values of the critical temperature and T/ for the n-paraffins 
Cj to Cj3. The values of ATj* for the —CH,— group were obtained by subtracting 

TABLE I 


Hydrocarbon. 

Tc , “c. 
(Obs.). 

Tc* 

(x 10’). 

ATc*, 
-CHi—. 

Arc», 

— CHo. 

Tc , “C. 
(Calc.), 

CH4 

— 82*5 

0*694 

_ 

_ 

_ 

C.H. 

32*1 

2*84 

2*15 

— 

— 

C,H, 

95-6 

5*02 

2*i8 

— 

— 

C 4 H .0 

153-0 

7-75 

2*73 

1*195 

153*1 

C.H„ 


10*42 

2*67 

1*190 

197*9 

CeHi 4 

234-8 

13*12 

2*70 

1*200 

234*8 

C,H,4 

266*8 

15*77 

2*65 

1*185 

267*3 

CsH„ 

296*0 

18*45 

2*68 

1*185 

296*3 

CgH 80 

322*8 

21*20 

2*65 

1*220 

322*3 

Qoff *2 

330*4 

22*00 

0*80* 

— li 

346*8 

24 

369-4 

26*52 

4*52* 

1*200 

369*0 

^2^^ 26 

390*4 

29*25 

2*73 

1*225 

390*3 

28 

410*0 

31*90 

2*65 

1*210 

409*9 


• The value of (ATg^, —CH j—) calculated from the difference (Cu — C^) is 2*66. 


the values of Tg^ of successive members of the homologous scries. From C3 
to C18, the value ATg^ for —CH,— equals, on the average, 2*68. Using this 



value we found the value of ATg^ for an end-methyl group to be i*20 on the 
average. 
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A certain number of data in Table I do not conform to the general rule. 
The difference in between Cj and Cj is 2*15 and between C, and Cg is 2*18. 
This value is considerably lower than that found for —CH,— in the higher 
paraffins. 

We shall now proceed to investigate the correctness of a number of data 
reported in the literature. One example is the critical temperature of w-decane, 
which is given as 330° c. If this value is correct we obtain for —CH,— from 
Cio — Cg a value of o*8o and from — Cjo a value of 4*52. The value of —CHg— 

calculated from —- is 2*66. It appears probable that the value of the critical 

temperature of n-decane reported in the literature is incorrect. From the addi¬ 
tivity rule we calculated a value of 346*8° c. for its critical temperature. 

Fig. 2 shows the calculated critical temperature of the ^-paraffins up to Cgg* 
The values reported in the literature are indicated on the graph by points. Up 
to a molecular weight of 270 (C,o), the correspondence of the calculated and 
observed values is acceptable. An exception is Qo- The experimental value 
does not fall on a smooth curve with the results for the other paraffins. 

For CgQ and higher paraffins we can compare our values with those obtained 
by other means.* The calculated values for these hydrocarbons may represent 
only a “ theoretical critical temperature ” which could not be realised in practice 
due to the tendency of these substances to “ crack " to substances of lower 
molecular weight on reaching high temperatures. 


/so-Paraf[in8. 


2-Methyl paraffins ; 


TABLE II 
CHg. 


CH. 


,(CHg)„—CHg 
H 


n. 

0 . 

I. 

2. 

3« 

4- 

5- 

T,*. (xio’) . 

6*76 

9*80 

i2»68 

15*00 

17*47 

20*30 

AT/uCH. + CH, . 

1*20 

3*88 

6*56 

9*24 

11*92 

14*60 

A'/^CHgs / 

>\ 

CHg/ \H 

5-,56 

5*92 

6-12 

576 

5*55 

5*70 

T,. °K. (obs.) . 

407*2 

461*0 

502-2 

531*1 

5587 

587*6 

Tc, °K. (calc.) . 

41^*3 

45«-5 

497-8 

531*3 

561*0 

588*0 

Calc.-obs. (TJ . 

+ 4'!^ 

- 2’5 

-4-4 

4-0*2 

+ 2*3 

-f 0*4 


TABLE HI 

CHgCHg ,(C'Hg)„—CHg 

3-MethvI paraffins ; 

CH,/ ^H 


n. 

0 , 

I. 


3 * 

4 . 

r/, (X 10') . 

AT-.* «CH, -f CH, . 

9*80 

12*53 

15*37 

17*82 

20*53 

1*20 

3*88 

6*56 

9*24 

11*92 

AT.® CHgCHgs^ . 

CHg/^ \H 

8*60 

8*65 

8*8i 

8*58 

8*61 

Te, °K. (obs.) . 

461*0 

500*2 

535*6 

562*6 

589*8 

°K (calc.) . 

461*8 

500*2 

533*7 

563*3 

5900 

Calc.-obs. (TJ 

-fo*8 

0 

~i*9 

4-0*7 

4-0*2 


The results of our calculations for the 2 : methyl-, the 3 : methyl- and 
4 : methyl-paraffins are given in Tables II-IV. It appears that the group values 
of ATe* given in Table V fit the data. ^ 

* Wilson and Bahlke. Ind. Eng. Chem., 1924, 16, 115; Doss, Physical Con¬ 
stants of the Principal Hydrocarbons, (The Texas Co., 1939 ). 
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The difference between these values is 2*88 and 2'86, corresponding to a 
—CH,— group in a short side-chain, compared with 2*68 for —CH,— in a longer 
main chain. Thus AT^* in a short side-chain attached to a tertiary carbon atom 
is increased by o*2o, probably due to restricted internal rotation. 

TABLE IV 

CH,CH.CH^ /(CH,),CH, 

4-Methyl paraffins ; yC/ 

r.H-/ 


». 

0. 

I. 

2 . 

3 - 

T,®, (xio’) . 

12*68 

15*37 

18*19 

20*72 

AT> nCH, + CH, . 

AT> CH,CH,CH,^ . 

CH,/ 'H ’ 

1*20 

3-88 

6*56 

9*24 

11*48 

h -49 

11*63 

11*48 

r., “K. (obs.) . 

502*2 

535-6 

566*5 

591*5 

T„ °K. (calc.) . 

502*5 

535-8 

565*2 

591*8 

Calc.-obs. (T,) . 

+0*3 

-f 0*2 

- 1*3 

+0*3 


TABLE V 


TABLE VI 


CH,/ \h 
Ar.». CH,—CH,. 




A^e^ CH,CH,CH,. . 

yc <( 11*51 

CIL^ Mi 


Compound. 


CH* 

ATc\ CH,—i—. 

(Ih, 


c—c—c . 
I 

C 


Similar conclusions can be reached 
from the examination of the results 
obtained with 2 : 2-dimethyl paraffins. 

CH3 

I 

The value of AT/ for — in 


(CHg)* . C . (CHj)„ . CHg increases • 

from 7*10 to 8*37 as the value of n 
decreases from 4 to o (Table VI). C 

These values were obtained on the | 

assumption that the values of 2*68 for C—C—C—C—C—C . 7*40 

—CHj— and 1*20 for —CHg are un- J 

affected by the three sub-stituted C 

methyl groups. It is, however, likely ^ 

that AT,® for —CH,— and AT,® for Y 

—CH, will be slightly affected and ^ i_^_«_ .. _^ P 

that a value of about 7*0 represents Y ^ 

the true value of AT,® for (CH,),C—. 1 

Table V contains a number of 

group values of AT,®. Using these- 

values and 2*68 for —CH,— and 1*20 

for —CH, we calculated the critical temperature of the hydrocarbons shown in 
Tables II-IV. The values are given in the respective tables. Of fifteen values, 
two show an error of the order of 4®, three of the order of 2®, whilst ten of the 
order of i® or less. 
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In Table VII again a number of calculated and observed values are compared. 
For the compounds i, 2, 3, 4 agreement within 1-3® exists between the cal¬ 
culated and the observed values. For the compounds 5, 6, 7, with substitution 

TABLE VII 


Compound. 

No. 

Te, *K. (Obs.). 

Tc, “k. (Calc.). 

i 

Calc.-Obs. (Te). 

c. X 

>C—C—c< 

c/ c 

I 

520*3 

321*8 

+ 1*5 

c. /C 

>C—C—C—c< 

c/ 

2 

550-0 

552-5 

+ 2*3 

. 

c/ ^c 

3 

579*2 

380*8 

4- 1*6 

C/ ^c 

4 

553-8 

554*5 

H- 0*7 

Sc-cX. . . 

C/ \C 

5 

500-1 

486*8 

” 13*3 

C /C-C 

X'—C; 

c/ X, 

6 

537-8 

524*2 

i -I 3 *b 

C c-c.. -(•. 

>c-c< 
c/ X 

7 

5 (> 2-2 

55 ^>*d 

— 6*6 


on adjacent carbon atoms, the calculated values are too low. This is probably 
due to the increased steric hindrance in these compounds. 


Cyclo-paraffins. 


The critical temperature of cyclohexane is 280*9® c., corresponding to a 
value of 17*00 X 10’. If we consider the molecule to be built up of six —CHa— 
groups, we obtain a value of for t7 amtt 

—CH,—=2*83, showing that the hindrance lABLL Vlll 


to rotation of a —CH,— group is equiva¬ 
lent to an increase of 0*15 in —CH,— 

for this cyclic compound as compared with 
the w-parafftns. 

Methyl-cyclohexane (rc~3oi*5®c.) can 
be considered to be made up of five CH, 
groups, one CH, and a tertiary carbon- 
hydrogen group =CH. The AT*® value of 
this group, calculated on the assumption, 
AT* for —CH,— = 2*83 and AT* for 
—CH, = 1*20, is found to be 3*65. This 
value compares well with the values of 
ATc* for sCH, obtained from the iso- 
paraffins, assuming that ATe* for 
-CH,—==2*68 and AI 7 for -CH,-=i*2o 
as shown in Table VIII. 


Group. 

ATe®, s CH. 

CH,. ^ 

CH,/ "^H 

i 

3*37 

CH,CH,. / 

CH,/ 

CH,CH,CH,. / 

CH,/ \H 

3*57 

3*75 


Aromatic Hydrocarbons. 

Using ATc* values obtained from the investigation of the n- and the iso- 
paraffins we calculated the AT^* value for a monosubstituted benzene ring. 
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0 / as shown in Table IX. The average value of ATj* is I9-67. The value 

of Tfl* for benzene itself is only 17*73 units. Steric hindrance again is probably 
the reason for the increase in the value of ATe*. 

TABLE IX,— Monosubstituted Benzenes 


Substituent Group. 

—CH*. 

—CHfCHs. 

—CHtCHaCH,. 

/CH, 

/CHs 
~CHa— C< 

r., °c. 
r.», (X 10’) 

AT.’ substituent . 

^\/ 

320*6 

20*95 

1*20 

19*75 

346*0 

23*80 

3*88 

19*92 

365-6 

26-12 

6-56 

19-56 

362-7 

25-75 

5-77 

19-98 

377*7 

27*62 

8-45 

19-17 


This effect is still better illustrated if we examine the di-substituted benzenes 
such as the xylenes. We may expect 


\ 

/ 


A 


0 / 


u 

Y 


Indeed we find values for the benzene nucleus of 23*80 for o-xylene, 22*35 for 
w-xylene and 21*20 for ^-xylene. The values of A 7 'c® for the benzene nucleus 
in polysubstituted benzenes fall in line with the principles outlined above, as 
is shown in Table X. 


TABLE X. —Poi.Y-SuBSTiTiTTED Benzenes 


Compound. 

ATc® Benawine 
Nucleus. 

1:2: 4-Trimethyl benzene 

24-45 

1:3: 5-Triniethyl benzene 

22*67 

1:2:3: 5-TetrHmethyl benzene 

24*27 

1:2:4: 5-Tetramethyl benzene 

26*05 

Pentamethyl benzene 

27*05 


Molecules with Externally-Hindered Rotation. 

Molecules containing a polar group or able to form hydrogen bonds show 
externally-hindered rotation. Let us consider the way in which certain atomic 
groupings will influence the critical temperature of molecules. If the grouping 
is accessible, i.e. placed on an exposed part of the molecule, we may expect a 
stronger interaction than if the grouping is shielded by non-polar portions of 
the molecule. Thus for any one polar grouping the Ar^® value may now be 
expected to decrease as the length of the hydrocarbon chains in the molecule 
increases. The AT^® value will decrease to an asymptotic value, corresponding 
to the contribution of the grouping to in absence of external hindrance. 
Several classes of compounds will now be discussed from this point of view. 

Alcohols. 

Table XI and Fig. 3 show that the value of Ar^* for —OH in the primary 
alcohols decreases from 12*33 for methanol to an asymptotic value of approxim¬ 
ately 8*5 as the length of the hydrocarbon chain increases. From fsobutyl 
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and «oamyl alcohol we obtained 8*46 and 8*30 for ATe* for —OH, corresponding 
to slightly greater shielding of the —OH group. 

TABLE XI 


Primary alcohols ; CHj . (CH,)„ . OH 


n. 

0* 

I. 

2. 

3- 

6* 

7. 

T«, ®K. (obs.) . 

(xio’) . 

Ar,», (CH,)„CH, . 

ATe*, —OH 

513*2 

13*53 

I‘20 

12*33 

516*3 

13*79 

3*88 

9*91 

536*9 

15*51 

6*56 

8*95 

560-9 

17-57 

9-24 

8-33 

638-2 

26*02 

17*28 

8-74 

658-2 

28-55 

19-96 

8-59 



Fig. 3. 


Acids. 

As can be seen from Table XII, ^ for —COOH decreases from 19*85 in 
acetic acid to about 18*5 in higher acids. 

TABLE XII 

Monobasic acids ; CHg . (CHa)^ . COOH 


n. 

0. 

1. 

2. 

3 - 

°K. (obs.) . 

594-8 

612*7 

628*2 

652*2 

(Xio^) 

21-05 

23*05 

24*82 

27*75 

A77. (CHa)„CH3 

1*20 

3*88 

6*56 

9*24 

AT,*, —COOH . 

19*85 

19*17 

18*26 

! 

18*51 


Esters. 

Table XIII shows the values of Ar^® for different esters. The general trend 
of the figures is similar to that observed with alcohols and acids. As the size 
of R increases, the value of A2'<,® decreases. Fig. 3 shows the variation of AT^.* 
for —COOR for the ethyl esters. The asymptotic value for this gro^ip of com¬ 
pounds is approximately 11*4. From this value and from ATc* for CH,CH|— 
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the value of Ar<,* for —CCX)— was calculated to be 7*5. The last column in 
Table XIII gives calculated as3rmptotic values for for —COOR, using 
ATe* for —COO— = 7 - 5 . 


TABLE XIII 


Esters; CH, . (CH,)„. COOR 


n. 

0 . 

1 . 

2 . 

3* 

6. 

A8^j;>totlc 

R 

ATe* 





CH,— . 

11*84 

11*07 

10*50 

9*03 

— 

8*7 

CH, . CH,— . 

13-13 

12*42 

11*62 

— 

11-37 

11*4 

CH, . CH, . CH,— . 

15-95 

15-47 

15*09 

— 

— 

14*1 

(CH,),. CH . CH,— . 

17*12 

16*92 

16*29 


— 

16*0 


Chlorine Compounds. 

Table XIV indicates that AT^* for —Cl has a value of about 5*6. Similar 
values can be obtained from other chlorine compounds. The critical temper¬ 
ature of I : 2-dichloroethane is 556*2° k., corresponding to == 17*25 units. 

TABLE XIV 


Chlorine compounds ; CHg. (CH|)„ . Cl 


n. 

0. 

I. 

2. 

T., °K. (obs.) 

416-3 

456*1 

494*2 

(X 10’) 

Ar.>, (CH,),CH, . 

7*22 

9-50 

I 2 *o 8 

1*20 

3*88 

6*56 

AT/.—Cl .... 

6*02 

5*62 

5-52 


Subtracting 2^Tc^ —CH, — 5*56 we obtain (Cl) — 11*89, or ATg* for 

Cl — 5*95. For clilorobenzene, Tg ~ 632*2° k. and Tp® = 25*30. Subtracting 
ATj® for —CjHj = 19*67, wo obtain AT/ for —Cl ~ 5-63. 

As mentioned in the introduction this value of AT^® cannot be used for the 
calculation of the critical temperature of chlorine. The value for equals 

11*26, yet Tg® for Cl, is 7*27 X 10’ (Tg — 417*2° K.). 

Amines. 

TABLE XV 


n. 

0. , 


2. 

Primary amines ; CH, . (CH,)„ . NH, 


Te, °K. (obs.) 

430*1 

456-7 

491*2 

Te®, (X 10’) 

7*97 

9*53 

11*87 

AT.*, (CH.),CH, . 

1*20 

3-88 

6*56 

AT,*, —NH, 

6*17 

5-65 

5*31 

Secondary 

amines ; CH, . (CH,)„, . NH 


T., “K. (obs.) 

437-8 

496-7 

1 550-2 

r.*. (xio’) 

8*41 

12*25 

1 16*65 

aAT.*, -{CH.).CH, . 

2*40 

7.76 

13*12 

AT.*, =NH. 

6*01 

t 

4*49 

3-53 


Further values which must be considered are r** for NH, = 6*68 units and 
ATe* for NH (in trimethylamine) = 4*59. 
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The tendency of these compounds to hydrogen-bond formation and the 
shielding effect of hydrocarbon radicals can be seen from Fig. 4, where 
for —NHj, =NH and sN is shown as a function of the size and number of 
hydrocarbon radicals. 



Fig. 4. 


Summary. 

It is shown that for some non-linear molecules the cube of the critical tem¬ 
perature is essentially an additive property. Restricted internal rotation and 
externally-hindered rotation increase the value of T/. Numerical values for 
the increments AT<,^ of various atomic groupings arc calculated and given in 
tabular form. 

Bowater Paper Corporation, Ltd,, 

Northfleet, 

Gravesend. 


THE ELECTROPHORESIS OF SUSPENDED 
PARTICLES. 

IV. THE SURFACE CONDUCTIVITY EFFECT. 

By D. C. Henry. 

Received gth March, 1948. 

1. The Equation of Electrophoresis. 

In Part I of this series ^ Smoluchowski’s electrophoresis equation 
for suspended particles of radius large in comparison with the effective 
thickness of the electrical double-layer was extended to apply to particles 
of any size. For spherical particles the resulting equation was 

1 Henry, Proc. Roy. Soc. A, 19^1, I 33 » 
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U 


DX 

6jny 


^“(1 + . ( i ) 


where A = (/lo ~ iJt')l(2tio + /x')* 

For particles of large radius of insulating material, this reduces, independ¬ 
ently of any assumptions about the constitution of the electrical double¬ 
layer, to Smoluchowski’s equation, 

U = DXl/ 47 rrj .(2) 

If the electrical double-layer is constituted in conformity with the Debye- 
Huckel distribution 


^ = a) .( 3 ) 

the right-hand side of (i) can be evaluated without size restriction and 
for insulating particles was presented in the form 


U ^ DXl A(Ka)l4>nt) .... ( 4 ) 

and a graph of f(#fa) against log ku was printed, which for convenient 
reference is repeated here. 



Symbols .—U is the electrophoretic velocity under an applied field X of 
a spherical particle of radius'a and specific conductivity suspended in 
a liquid of dielectric constant D, viscosity i? and specific conductivity fto* 
^ is the electrostatic potential of the electrical double-layer at distance 
Y from the centre of the sphere and its value at the surface ; if ^ is 
taken as zero at places remote from the particle, = {, the “ electrokinetic 
potential ” of the particle, k is the Debye-Hiickel constant 

= U^e^'^n,z,»IDkT)i 

i 

where e is the electronic unit of charge, k Boltzmann's constant, T the 
absolute temperature and Zf, fii are respectively the valency and con¬ 
centration (ions/cc.) of the ion of species L 

In addition to certain hydrodynamic assumptions which are probably 
valid under normal experimental conditions, the extension of Smoluchow- 
ski's theory, like the original, rests on an assumption (explicitly stated 
by Smoluchowski and the author) which is certainly not valid, namely 
that the applied field and the field of the electrical double-layer may be 
simply superimposed without mutual distortion. Any such distortion 
will affect the electrophoresis equation in two ways : (i) the field of the 
electrical double-layer will cease to have spherical symmetry, being dis¬ 
torted in such a sense that it slows the electrophoretic motion. ^This 
so-called “ relaxation effect " has been considered, among others, by 
Komagata * and Hermans,® but has proved mathematically difficult so 

® Res. Electrotech. Lab., Tokyo, 1935, No. 387. 

® Trans. Faraday Soc., 1940, 36, 133. 
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that only a first approximation to the solution has been obtained, which, 
however, shows that large uncertainties (perhaps as large as 100 %) may 
be introduced by its neglect ♦; (2) the applied field will be modified in 
the neighbourhood of the particle by the abnormal electrical conductivity 
in the electrical double-layer. This effect was anticipated by Smoluchowski 
himself and has been discussed by many subsequent writers,* while the 
existence of a measurable surface conductivity is well established experi¬ 
mentally. 

It is the object of this paper to extend the Smoluchowski-Henry 
electrophoresis equation for spherical particles to take account of the 
surface-conductivity effect. 

2. Preliminary Considerations. 

The surface conductance due to the electrical double-layer arises in 
reality from a conductivity which varies in a continuous manner over a 
small but finite distance outside the surface of the particle ; in common 
with other surface properties it is, however, most conveniently treated 
as an excess conductance associated with unit area of the interface, in a 
shell of infinitesimal thickness, superimposed on the normal conductance 
of the medium. This is the point of view to be adopted here, but since 
it is not self-evident that the thin-shell model which is equivalent to the 
real distribution from the point of view of conductance measurements 
will also be equivalent in its effect on the electrophoretic velocity of the 
particle, we shall first attempt to justify this mode of attack. 

Surface conductance will modify the electrophoretic velocity in two 
ways ; (i) it will alter the form of the potential distribution ^ of the applied 
field in the liquid as a whole, and (2) by altering the field, and hence the 
fluid motion, within the electrical double-layer, it will modify the stresses 
exerted on the particle by the fluid in immediate contact with it.f 

In the neighbourhood of a small element of surface, take co-ordinate 
axes n normal to the surface and 5 tangentially in the surface along the 
direction, at the point in question, of the applied field. The local hydro- 
dynamic flow is given by 

d^y d/? d^ 

’^dw* ds ^ ds* ’ ’ ’ ' 

where v, p, and p arc the local values of the tangential fluid velocity, 
hj^drostatic pressure, potential of the applied field and electric charge 
density. Considering the case where all the ions present are univalent 
and treating, as would seem likely to be the case, the local tangential 
current density as substantially independent of the local value of the 
specific conductivity g, 

then d<l>/ds oc i/g and g oc -f- 

where m- are the absolute mobilities of cation and anion ; the ex¬ 
ponential terms arise from the variation in the ionic concentrations as 
determined by Boltzmann’s law. Suppose ^ to be positive, then to a 
close approximation 

g oc and d^/ds x e~^vlh2\ 

* Added in Proof —Overbeek {Philips Res. Reports, 194b. i, 315) has given 
reasons for supposing that the error will be negligibly small when the thickness 
of the donblc-layer is small in comparison with the dimensions of the particle 
(Smoluchowski’s case) : for kU'^ioo he estimates the error as a few per cent, for 
Ka'^iooo as less than i % (see also Overbeek, Kolloidchem. Beih., 1943 > 54 » 

t Kef. ^ p. 115. 

* See, for example, Bikerman, Z. physik. Chem. A, 1934, 209 ; McBain, 

and Foster, ./. Physic. Chem., i 935 * 39 » 33^ i Kutprs and De Smet, Trans. 
Faraday Soc., 1947, 43 » ^fiite, Monaghan and Urban, J . Physic. Chem., 

1936, 40, 207 ; in all of which articles, references to earlier publications are given. 
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At the same spot, 

p a — ^ihT 

or numerically to a similar approximation p oc Hence p . d^/ds is 

to the same approximation independent of il/, that is, of the position in 
the electrical double-layer. The right-hand side of eqn. (5) does not 
therefore vary significantly over the finite thickness of the double-layer 
and the surface stresses will be sensibly the same as if the exterior applied 
field defined by extended right up to the surface. We are therefore 
justified in considering that our thin-shell model is a satisfactory equivalent 
to the real distribution. 


3. Calculation of the Surface-Conductivity Correction. 


To determine the distribution of the field potential ^ as modified by 
surface conductance, we first consider a sphere (radius a, specific conduc¬ 
tivity /i') surrounded by a shell (thickness f, specific conductivity fi") 
immersed in a fluid of specific conductivity /i©. 

Set <)>—-- X cos -f in the fluid, 

= — X cos o(^Br + in the shell, 


and <l>' ^ — X cos 6 . Dr within the sphere. 

Applying the conditions of continuity of ^ and of electric flux at the 
boundaries r = a and r — a t, a straightforward calculation shows that 


(a + (a -f- tnzp" 4 - + n + 2a8(Mo - 


If / -> o and the product p."t is identified with the surface conductivity 
p., we find 


so that 


— ^0 

~ ?Po -I- /-i' + 

^ — X cos d{r -f- 


(say) 


(6) 


This is of the same form as the corresponding equation of the paper re¬ 
ferred to as Part I,^ with A' substituted for A. The solution of the problem 
is thus clearly given by eqn. (1) of the present paper with the same sub¬ 
stitution. Evaluating the right-hand side as before and introducing the 
author's function f(#fa), this reduces to 


^ = . . . (7) 

For an insulating particle, p' == o and 

A' == — 2ii,/a)l2{ii. + ii,/a). . . • (8) 

If the particle is large in comparison with the thickness of the electrical 
double-layer, ((ku) = i and we obtain 


U = Mo / V 

4’^’? Mo + 

which shows the correction which must be applied to Smoluchowski's 
equation for large insulating particles. That this correction is by no 
means negligible may be demonstrated by an example. 

Fricke and Curtis ® experimented on glass particles of about 10 cm. 
radius and found p, 10-• ohm-* in a solution for which p® 10ohm-^ 
cm. -*. The correcting factor in eqn. (9) may thus be of the order 0*5, so 


* /. Physic, Chem., 1936, 40, 715. 
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that the use of Smoluchowski's equation uncorrected leads to a value of £ 
which is too small by a factor of 2 on this account; it must be remembered 
that the error due to neglect of the relaxation effect is still present. 

In view of the experimental observation (especially of Abramson«) 
that particles having the same surface but widely differing shapes show 
the same electrophoretic mobility, the question arises, to what extent 
the conductivity correction for large insulating particles may, like 
Smoluchowski's equation itself, be independent of the particle shape, 
provided a suitable interpretation is given to the parameter a. In default 
of a general demonstration, the calculations of this section were repeated 
for cylindrical particles set broadside on to the applied field ♦—not because 
such particles are likely to be met with in practice (but see Sumner and 
Henry ’), but because the calculation for this case happens to be feasible. 
Eqn. (9) was again obtained, lending some support to the speculation 
put forward. Against this, however, must be set Bikerman's calculation 
(loc. cit.) for cylindrical particles of length I and radius a (/ >> a) set axially 

to the applied field which leads to a correction factor ---. 

In view of the present uncertainty of the allowance to be made for the 
relaxation effect, it would seem not unreasonable to employ equations 
(7) and (9) even for particles which have decided asymmetry, if a is inter¬ 
preted as the “ mean equivalent radius as determined, for example, 
by the use of Stokes' law. 

4. Measurement of Surface Conductivity. 

In view of the magnitude of the correction introduced by surface 
conductivity, it is of importance to develop a reliable method of measuring 
this quantity in suspensions. Direct measurement in a slit or capillary 
tube, as employed by McBain, White and Urban, and Rutgers * is clearly 
not applicable and the only suitable method so far proposed would appear 
to be that of Fricke and Curtis ® who make use of an expression deduced 
by Clark Maxwell" for the conductivity of a suspension of equal spheres, 
each carrying a surface shell of different material. For insulating particles 
of surface conductivity suspended in a medium of specific conductivity 
/io this expression reduces to 

ft. ^ ^(/*» /")(^ + ^v) + ~ y ) / > 

— r) + f‘o(2 + y) ’ ‘ 

where is the specific conductivity of a suspension of volume 
concentration y. 

This deduction ignores the contribution to the conductivity of the 
charge carried by the electrophoretically moving spheres, a contribution 
which the following calculations show is not by any means generally 
negligible. Denoting it by we have 

fij, — n . (U/X) . 47ra®a, 

where n is the number of particles per cc., U/X their electrophoretic 
mobility under unit potential gradient and a the surface charge-density. 
Setting 

U == DXI^ . {(Ka)l^ 7 r 7 i, a = D£(i 4- Ka)l{^na) and n == (ii) 

we have /ip — . f(^«) • + Ka)li6n^d^ri, 

Inserting numerical values of constants and conversion factors, this 
becomes 

fip = 1*5 X • (I + ohm -1 cm.-i, . (12) 

where £ is measured in volts. 

♦Cp. ref. 1, section 3. * J. Physic. Chem., 1931, 35, 291. 

’ Proc. Roy. Soc. A, 1931, 133 * 130* 

• Electricity and Magnetism, Vol. I, p. 133. 
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It is evident that ^ of eqn. (lo) should be interpreted as ^obs. — 
where /xobs. is the observed specific conductivity of the suspension. Current 
estimates of the magnitude of surface conductivity are somewhat diverse, 
but, taking as a representative measurement Fricke's experiment with 
glass spheres in which fiQ ^ and /i, ^ lo-*, we obtain the figures 
of the following table for suspensions, of volume concentration o-i, of 
spheres of various sizes in (say) a solution of KCl of about io~* M. 


a (cm.). 

-—— (Eqn. 10). 
f*o 

(Eqn. 12) — 
f^o 

for C — 0*015 V. 

for f »» 0*050 V. 

IO“* 

o*o8 

0*00 

o-oi 

IO-® 

0*28 

0*01 

0*11 

10 ® 

0-33 

0-30 

3*4 


(The figures in the last column should be regarded as indications only, 
since eqn. (ii) depend on the first approximation solution for the Debyc- 
Hiickel equation which is only valid for small although Hartley * has 
given reasons for supposing it may not be seriously in error outside its 
true range of validity.) 

It is evident that, especially for small particles and high ^-potentials, 
the contribution of the particle to the conductivity of the suspension cannot 
be neglected. The argument is not much affected if we assume higher 
values of /n, (as, for example, those found by Rutgers, which are some 
lo times larger than those assumed above) since for the smaller particles 
the value of (ft — fto)/fto is already approaching the limiting value 
3 y/(i — y) which it assumes for ft,/a >> /to- The assumption of lower 
values of ft, such as those deduced theoretically by Bikerman would merely 
emphasise still more the relative importance of fi^. 

Since ft, is not known until C has been determined and this in turn 
requires a knowledge of ft,, it will evidently be necessary to proceed by 
successive approximations. 

It is, once more, difficult to predict to what extent the equations of 
this section may fairly be applied to suspensions of varying particle size 
and shape. An experimental study has been started in this laboratory 
which it is hoped may throw light on this question ; in the meanwhile 
provisional use will be made of the equations developed. 

Summary. 

The effect of surface conductivity on electrophoresis is discussed, and the 
Smoluchowski-Henry equation for the electrophoretic velocity of particles of 
any size is extended by introducing a correcting factor to take account of this 
effect. The method of Fricke and Curtis for the measurement of surface con¬ 
ductivity in suspensions is amended by the inclusion of a term representing the 
conductivity arising from the motion of the charged particles. 

The Thomas Graham Colloid Research Laboratory, 

The Victoria University of Manchester, 


• Trans, Faraday Soc., 1935, 31, 31. 



THE DIFFUSION OF DYES THROUGH CELLO- 
PHANE—THE ANOMALOUS SALT EFFECT. 


By S. M. Neale. 


Received gth March, 1948. 


Crank ^ has recently carried out a far-reaching mathematical analysis 
of the available data relating to this problem. He has, however, in order 
to explain the observed effects, been compelled to make assumptions which 
are incompatible with the generally accepted theories of equilibrium 
dyeing. In particular, his treatment assumes that his factor R, which 
describes the equilibrium between adsorbed dye anions and free dye 
anions in the same equipotential region, varies with the salt concentration. 
It cannot, therefore, be concluded that a satisfactory explanation of the 
principal effects of added salts, upon the dyeing process, is yet available. 

The object of this paper is to summarise the present state of knowledge 
and to offer a tentative suggestion as to a possible cause of the anomalous 
salt effect. This effect can be outlined as follows. 


The rate of diffusion 


^5 

it 


at any point x, is, according to Pick’s equation 


given by * 


it 



where c is the concentration, and D the diffusion coefficient. For dyes 
in aqueous solution, D decreases with addition of salt.* In pure water, 
the mobile Na+ ions proceed ahead of the much larger colour ions and set 
up a potential gradient along the axis of x so that the movement of the 
colour anions is accelerated. In presence of excess NaCl the Cl- ions 
reduce the potential gradient towards zero, and the dye anions therefore 
diffuse more slowly when added salt is present. In diffusion through 
cellulose, on the other hand, D increases rapidly with the salt con¬ 
centration S. 

In considering the diffusion of dyes through cellulose we may regard 

either ~ or ~ as the concentration gradient, where A — concentration 
^x ^x ” 

of adsorbed dyestuff, and c = corresponding concentration of equilibrium 

solution. was used by Neale and Stringfellow ® to deduce their 

“ apparent diffusion " coefficient from the rate of increase of total absorption 
with time. 

Diffusion through Cellulose at Constant Salt Concentration, and 
Varying Dye Concentration.— Here it was found by Garvie and Neale,* 
when c and consequently A are varied (the equilibrium relation being 

approximately A ccc^) that ^ increases less rapidly than but more 


()/ 




rapidly than ^ (see Fig. i) 

ox 


* To conform with standard nomenclature, the diffusion coefficient is here 
represented by D and not by k as in ref. 4 ; this necessitates changing D 
(concentration of absorbed dye) in that paper to A . 

^ Crank, J. Soc. Dyers Col., 1947, 63, 412. 

* Hartley and Robinson, Proc. Roy. Soc., A, 1931, 134, 20. . 

* Neale and Stringfellow, Trans. Faraday Soc., i 933 » ^ 9 f 1167. 

* Garvie and Neale, Trans. Faraday Soc., 1938, 34, 335. 
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Since cxA* approx., 


— oc A * —. 


This behaviour could be explained by supposing that diffusion occurs 
partly in capillary spaces equipotential with the external solution, and 
partly on the internal surfaces ” (i.e. without desorption), or in layers 
of solution closely adjacent to those surfaces, i.e. 

_ /Tic TiA \ 

"bx)' 

Diffusion through Cellulose when the Dye Concentration in Solution 

<)iS 

is Constant and the Salt Solution is Varied.—Here it is found that — 

ot 

bA 

increases even more rapidly than —, at constant c, with the salt con- 
cent ration * (see Fig. 2). The same effect has also been found with 


A c 8—>0 



Curve B : ’bSI'b^ against Ac 
C : bSjb^ against AA. 


Chlorazol Fast Red K, Benzopurpurin 4B, and Heliotrope 2B. No dye 
tested has failed to show this anomalous salt effect. The supposition 
that diffusion occurs partly in solution and partly on the surface is 

evidently incapable of explaining this fact, since ” is independent of 

the salt concentration. 

We may suppose that the cellulose surface is, owing to the adsorption 
of the dye anions, negatively charged, and that the relatively long-range 
electrostatic forces set up a diffuse layer in which the electrical potential 
0 gradually falls off with distance from the surface. At the surface the 
negative potential is given by the expression 

00 — ^o/^#» 


♦Neale and co-workers, Trans. Faraday Soc., 1933, 1167 I I934» 30, 

71, 386 and 905- 
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where c© is the concentration of free dyestuff anions of valency z in the 
surface layer, and c, their concentration in the bulk solution. According 
to the treatment of Hanson, Neale and Stringfellow,® Cq is proportional 
to A, the surface concentration of adsorbed dye. 

At a distance y from the surface, the potential is ^ = /S^o. where 
is less than unity, and 

. RT. . RT. . 

^ If ^ 

where A is the ion concentration ratio for a monovalent ion. 

If we now imagine the channel between the adjacent cellulose surfaces 



Fig. 2. 

Curve B : against [NaCl] 

C : against A. 


to vary in width, then at any point where the channel narrows to 2y, 
the dyestuff ions diffusing along the x direction in the middle of the channel 
will have to cross an electrical potential barrier of height i/t, and, since 
these ions carry a charge zF per g. mol. their rate of diffusion will decrease 
in the ratio 

zy>F 

Since A increases towards unity as the salt concentration increases, 

will therefore increase. However, the height 0 of the potential barrier 
cannot well be greater than 0o» surface potential, hence the rate of 

increase of ^ with salt concentration cannot be greater than the rate of 
ot 

* Hanson, Neale and Stringfellow, Trans. Faraday Soc., 1931, 31, 1718. 
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increase cf A®** with salt concentration, i.e. than the rate of increase of 
A with salt concentration, since, on the present assumptions, 

A Qc Cq A0**^?j. 

()5 

Fig. 2 shows, however, that — increases at first more rapidly than A, 

ot 

when the concentration of salt increases. 

The h5rpothesis that diffusion proceeds in solution is therefore incapable 
of explaining the facts, even if one also allows for the variation in thick¬ 
ness of the diffuse layer with salt concentration, since the electrical potential 
barrier to diffusion in solution cannot exceed that for approach to the 
surface. 

Migration along a Non-equlpotential Surface.—One might, on the 
other hand, suppose that diffusion occurs mainly in the adsorbed layer. 

In this case should be oc or ^ ^ — const. Now to explain the 


fact that 


Tix TiS 




dA * 


^A 


— increases with A, we might suppose that the dye diffus- 

lA 

ing in the “ surface ” layer under the concentration gradient has 

to surmount hypothetical electrical potential barriers whose height de¬ 
creases with A when c is constant, i.e. as the salt concentration increases. 
These barriers may arise from the presence of ionised carboxylic acid 
groups in the cellulose. The height and range of the negative potential 
barriers arising from them will decrease with electrolyte concentration, 
and so the surface diffusion will increase more rapidly with salt concentra¬ 
tion than does A itself. The experimental fact would therefore be ex¬ 
plained on this hypothesis. 

There is a difficulty in reconciling the idea of diffusion within the 
surface ” layer with the very high temperature coefficient of diffusion 
of dyes in cellophane,* which indicates an activation energy of the order 
14 kcal. rnole-^ and suggests that desorption must precede diffusion. 
This activation energy, however, may be simply the energy required to 
open up the necessary “ holes " in the amorphous parts of the cellulose, 
and this idea is supported by the apparent constancy of the value for 
various dyestuffs. 

If the suggestion that the carboxyl groups play an important role 
in impeding diffusion of large multivalent anions is sound, then one should 
not find the anomalous salt effect in diffusion of dyes through cellulose 
free from carboxylic acid groups. No data are yet available to check this. 

The idea that the suppression of electrical repulsion lies at the root 
of the anomalous salt effect is, however, strongly supported by the 
observation of a reversed effect for cationic dyes in Cellophane.’ 

College of Technology, 

Manchester 7. 


• Garvie, Griffiths and Neale, Trans, Faraday Soc., 1934, 3 ®» 271. 
’ Neale, Trans, Faraday Soc., 1947, 43 * 33 ^* 



ACID SALTS OF MONOCARBOXYLIC ACIDS 
AS pH STANDARDS ; POTASSIUM HYDRO¬ 
GEN BENZOATE AND PHENYLACETATE. 

By Neville Smith and J. C. Speakman. 

Received 2 ^rd March, 1948. 

Acid salts of mono-basic organic acids have been known for more 
than a century.^ A survey of the literature shows that these compounds 
are formed by most simple acids, and that they are often more easily 
obtained than the expected neutral salts because they are less soluble in 
water. Such acid salts may be formed with all the alkali metals, with 
the alkaline earths, and with many others. The sodium and potassium 
compounds are best known ; and, since the latter more often conform 
to the I : I type and are usually not hydrated, our attention has been 
confined to potassium salts. 

As has'been pointed out,* such acid salts are convenient materials for 
the preparation of buffer solutions. During the neutralisation of a weak 
acid by a strong base, maximum buffering capacity obtains at the half- 
neutralisation point, where the pn is approximately equal to /)K (— — log K, 
where K is the acid dissociation constant). Since the relative amounts 
of acid and salt are guaranteed by the stoichiometric composition of the 
substance itself, a single, relatively rough weighing of the solid will enable 
an accurately reliable buffer solution to be prepared. 

The chief disadvantages are that suitable acids do not cover a very 
w’ide variety of strengths, so that the range of pn values accessible is 
limited ; that otherwise suitable acids are often not very soluble in water 
so that the effective solubility of the acid salt is usually restricted ; and 
that some of the more soluble salts (such as potassium hydrogen acetate) 
are unstable, losing free acid on exposure to the air. Nevertheless it is 
possible to specify a number of useful buffer solutions, capable of being 
used as pH standards. This paper describes work done to test the suit¬ 
ability of potassium hydrogen benzoate and potassium hydrogen phenyl- 
acetate. The work falls into three sections : (a) preparations (b) solu¬ 
bilities which are somewhat complicated and w^ere studied by reference 
to the ternary solubility diagrams for the systems, acid-salt-water, and 
(c) the pH values of suitable solutions on a standardised scale. 

Experimental. 

Preparation. —Many of these acid salts can be easily prepared by dissolving 
an equivalent of the acid and half an equivalent of KOII, or KjCO,, in hot 
alcohol, and collecting the solid that crystallises out on cooling. In other cases 
it may be more convenient to add aqueous K^COs to a hot acetone solution of 
the acid. Potassium hydrogen benzoate * was obtained by dissolving 2*8 g. 
KOH and 12*0 g. benzoic acid in 250 cc. of hot alcohol. The solid which separ¬ 
ated on cooling was recrystallised from alcohol, giving thin plates, which had 
no satisfactory melting-point. The substance was analysed by determination 
of the equivalent (279, 283) and of % K (1371), the values calculated for 
C,HjCOOK . C.HjCOOH being 282 and 13*86 respectively. 

^ e.g. Berzelius, Lehrbuch der Chemie, 1847, iv, 3^4 I Gmelin, Handbook of 
Chemistry (4th edn.), 1853, viii, 299. 

^Nature, 1945. * 55 » 698. 

» Gerhardt, Annalen, 1853, 87, 150 ; Farmer, /. Chem. Soc„ 1903, 83T, 1442. 
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Potassium hydrogen phenylacetate, which was first described by Bakunin 
and Vitale,* was prepared in a similar way. It separates as monoclinic needles, 
melting at 142®. Analysis gave an equivalent of 307 and the potassium 
content as 12-31 % compared with 310 and 12-58 % calculated for 
C7H7COOK . C7H7COOH. Both of these substances can be kept for long periods 
in a stoppered tube without undergoing detectable change. 

Solubility Relationships. —Both compounds belong to the class of double 
salts that are said to be decomposed by water. Examination of the isothermal 
solubility diagrams for the ternary systems, acid-neutral salt-water, was there¬ 
fore relevant to the present purpose. 

Two of the separate binary pairs in the system benzoic acid-potassium 
benzoate-water have been examined by various workers,*^ and Landrieu • has 
reported two points in the ternary systems at about 16°. Our measurements 
were made at 20-0°. The benzoic acid was of a.r. quality ; the potassium ben¬ 
zoate (trihydrate) was a commercial sample, it having first been shown that a 
recrystallisation did not affect the results. Various mixtures of acid and salt 
were stirred with water for at least 12 hr., a time found sufficient to ensure 
equilibrium. After filtration through sintered glass, the .solutions were analysed 
for free acid by titration with COs"-free NaOH to the calculated pn (usually about 
9-2) with thymol blue, and for potassium by evaporation and conversion of the 
residue to KJ1SO4. In some experiments the wet solid was also analysed. High 
accuracy was not easily attainable because of the great di.sparity between the 
solubilities of acid and salt ; it was generally necessary to estimate a small amount 
of acid in presence of a large amount of salt, so that the end-point in a titration 
was not sharp. 

For the same reason it was not convenient to plot our results on the usual 
triangular diagram. Using orthogonal axes, Fig. i represents average results 


Polasslutfi benzoate (moles /fooo q, solution). 
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Fig. I. 


ba.sed on over 60 individual determinations; AB shows the solubility of benzoic 
acid in presence of increasing concentrations of the salt ; BC that of the acid 
salt, as was confirmed by analy.ses of the wet solids ; and CD, which was diffi¬ 
cult to fix accurately, the solubility of potas.sium benzoate trihydrate in presence 
of exce.ss acid. The line OE indicates the direction of the i : 1 acid salt. 
Although this compound is more soluble in water containing an exce.ss of benzoate, 
in the absence of any such excess, benzoic acid is liable to separate out if the 
concentration exceeds 0-024 (point F). This concentration may be 

regarded as the effective solubility of the acid salt. Its value, which will not 
differ considerably from the solubility of benzoic acid in pure water, has been 
determined for several temperatures as shown in Table I. 


* Bakunin and Vitale, Gazz. chim. ital., 1935, 65, 593. 

•Benzoic acid-water: e.g. Bourgoin, Ann. chim. phys. (5), 1878, 15, 171 ; 
Alexejew, Ann. Physik, 1886, 28, 305 ; Hoffmann and Langbeck, Z. pkysik. 
Chem., 1905, 51, 393; Sidgwick and Ewbank, J. Chem. Soc., 1921, 119, 979; 
Wright, J. Chem. Soc., 1927, 1336; Ward and Cooper, J. Physic. Chem.. 1930, 
34, 1448. Potassium benzoate-water: Pajetta, Gazz. chim. ital., 1906,36 (ii), 67 ; 
Sidgwick and Ewbank, J. Chem. Soc., 1922, 121, 1844. 

• Compt. rend., 1920, 170, 1450 ; 1920, 171, 1066 ; see also Larsson, Z. physik, 
Chem., 1930, 148 A, 148. 
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The ternary system, phenylacetic acid—potassium phenylacetate—water, 
has not been examined hitherto. Previous work has been confined to two of 
the constituent binary systems.’ Our results (ba.sed on nearly 100 individual 
points) at 20*0° are represented by Fig. 2, the experimental details being essenti¬ 
ally the same as those described above and the accuracy rather better. Allowing 

TABLE I 

Effective Solubilities of Acid Salts at Various Temperatures 


Temp. (®c.). 

15. 

20. 

25. 

30. 

Solubility (moles/1000 g. J 

’ Benzoate 

0 ‘02I* 

0*024 

0*029* 

0*037 

of solution) 1 

I’henylacetate 

— 

o*n6 

o'i 35 

o*i68 


* Estimated from solubility-temp, curve for free acid. 


for the different scale of ordinates the diagram follows the pattern of Fig. i 
except for a notable difference in the neighbourhood of point B. Although 



Fig. 2. 


it was difficult to obtain accurately reproducible results in this region, it is 
certain that a great increase in solubility occurs. 

A consequence of this anomaly is that the acid salt (indicated by the direction 
OE) can exist in presence of its own solution provided that the concentration is 
high (between G and H) ; but that, on dilution past the point G, it is decomposed 
by water. A solution containing i-o g. of acid salt and r*2 cc. of water appears 
to be quite stable at room temperature, but on adding a small amount of water 
a copious precipitate of the acid at once appears. This phenomenon of the 
precipitation of a solute (not a hydrolysis product) on dilution is unusual. An 
essentially similar effect was described by Schreinemakers * in binary systems 
which may have their freezing-points raised by addition of a third component 
that does not form solid solutions. In the present instance, it implies that the 
fugacity of the acid remains constant along curve GB although the acid and 
salt are being added to the liquid in relative proportions exceeding those cor¬ 
responding to the (1:1) acid salt. This seems likely to occur only if there is a 
sharp tendency for complex ions or micelles of the type [(A-(HA)„) J to be formed. 

’ Phenylacetic acid-water : Timofeiew, Dissertation (Kharkov), 1894 ; Knox 
and Richards, y. Chem. Soc„ 1919, 115, 508 ; Hammett and Chapman, j . Amer. 
Chem. Soc., 1934, 56, 1282 ; Sidgwick and Ewbank, loc. cit. 1921. Phepylacetic 
acid-potassium phenylacetate : Bakunin and Vitale, he, cit. 

• Roozeboom, Die Heterogenen Gleichgewichte, iii (part i), 144. 
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Two items of evidence seem to support this conclusion. First, Sidgwick • has 
observed a similar, but more marked, enhancement of the solubility of j8-phenyl- 
propionic acid in presence of its salt (together with the appearance of a second 
liquid phase). Although no marked solubility increase obtains with benzoic 
acid, Kolthoff and Bosch have suggested that acid anions, HAj, begin to be 
formed at high concentrations of salt. Any tendency towards soap formation 
will increase with ascent of the homologous series, and the phenomena observed 
with phenylacetic acid seem to fall into place in the sequence. Secondly, we 
have noticed a decided rise ih viscosity of the solutions in this region, the con¬ 
centrated solution of potassium hydrogen phenylacetate mentioned above having 
a viscosity more than four times that of water. 

Effective solubilities of potassium hydrogen phenylacetate are shown in 
Table I. On the basis of the solubility data, 0* ** 015 0*033 M. are respectively 

suggested as suitable concentrations for ^nzoate and phenylacetate buffer 
solutions. 

pn Values. — pu was originally defined with reference to the hydrogen-ion 
concentration of the solution. If it is referred to the hydrogen-ion activity, as 
is the common practice now,^^ an arbitrary standardisation of the scale is 
necessary, since an individual ion activity cannot be rigorously measured or 
defined. The convention suggested by Cohn, Heyroth and Menkin,” and used 
by Hitchcock and Taylor,^* defines the scale in such a way that the correct 
thermodynamic dissociation constant (K) or a weak acid (HA) results when 
the hydrogen-ion activity thus derived is introduced into the equation, 

K s= • A 

[HA] ./o ' 


where /© is the activity coefficient of the neutral molecule HA, and where A, 
that of the anion A“, is derived from the Debye-Hfickel equation. Arbitrary 
assumptions about individual ion activities enter the equation twice over, and 
it may be hoped tliat errors will cancel out, provided that the liquid junction 
potential (which is always involved in />h measurements) remains constant and 
reproducible. 

Accepting this method of standardisation, the /?h of a new buffer solution 
can be found in two ways : (a) from the dissociation constant of the acid con¬ 
cerned, with due allowance for A and A I preferably (6) by experimentally 
comparing the unknown pn with tho.se of certain of the standard buffer solutions 
recommended by previous workers. 

(a) The Debye-Huckel limiting law (— log A ~ o^^Vl) is hardly applicable 
at values of the ionic strength (/) so high as 0-015 and 0*033 m. But, using the 


(approximate) extended form of the Debye-Huckel equation, ~ log A = — 

I 4 - V / 

and taking pK = 4*20 for benzoic acid at 25®,^®* and pK — 4*31 for phenylacetic 
acid,^® we obtain 4*15 and 4-23 as approximate pn values for the corresponding 
buffer solutions. (6) All our pn measurements have been based on the standard 
buffers of Hitchcock and Taylor, who give pn values for 25 and 38®. For work 
at 20° we estimated values from theirs by a short extrapolation. During the 
past four years we have carried out many pn determinations on the benzoate 
and phenylacetate buffer solutions using the glass electrode at 20®. The average 
pn values found were 4*16 and 4*24 respectively, with a probable error of less 
than ± 0*01 unit. 

For a more rigorous comparison we have made use of the quinhydrone electrode. 
The hydrogen electrode is apt to behave irregularly with some aromatic acids, 
and we placed more reliance on the quinhydrone, which was used with a platinum 


• Sidgwick, J. Chetn. Soc., 1910, 26P., 60. 

Kolthoff and Bosch, J. Physic. Chem., 1932, 36, 1689. 

Bates, Chem. Rev., 1948, 42, i. 

J. Amer. Chem. Soc., 1928, 50, 696. 

Ibid., 1937, 59 » 1S12 ; 1938, 60, 2710. 

Hitchcock and Taylor, loc. cit. ; Meinnes, Belcher and Shedlovsky, ibid., 
1938, 60, 1094 ; Manov, De Lollis and Acree, Bur. Stand. J. Res., 1945, 34* 115. 

** Dippy and Williams, J. Chem. Soc., 1934, l6l, 1888. 

Rule and La Mer, J. Amer. Chem. Soc., 1938, 60, 1981. 

Hamer and Acree, Bur. Stand. J. Res., 1943, 33, 87, mention phthalate 
solutions. (We also found difficulty in attaining constant potentials in benzoate 
solutions.) 
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electrode in presence of a slow stream of purified N,. Liquid junctions between 
bu£^er solutions and saturated KCl were formed in a special way described later. 
Using the cell, 

Pt I Quinhydrone {s) | Bulfer solution | Saturated KCl \ Hg,Cl| (s) | Hg, 
the E.M.F.'s given by our own buffer solutions were compared with those given 
by o*05M. potassium hydrogen phthalate and by o'l m. acetic acid + o*i M. 

TABLE II.— E.M.F. Measurements. 


Molality of free acid equal to molality of neutral salt throughout. 


Buffer Solution. 

E.M.F. (V.). 

Ph Value. 

20‘0®. 

25 "O®, 

20-0®. 

25-0®. 

0*05 M. Phthalate 

0*2227 

0*2184 

(4*000) 

(4-005) 

0*015 M. Benzoate 

0*2132 

0*2090 

4*16 

4 *i 6 

0*033 M. Phenylacetate 

0*2093 

0*2040 

4-24 

4-25 

0*1 M. Acetate . 

0*1860 

0*1810 

(4-643) 

(4-643) 


sodium acetate. Results are shown in Table II. The pn values were found by 
interpolation between those (in parenthesis) attributed to the accepted standards. 
It is believed that the values stated for the benzoate and phenylacetate buffer 



solutions are correct to within o*oi unit, which is probably the limit of validity 
of any system of pn standardisation. Portions of these solutions have been in 
use for periods of six months without undergoing any appreciable change of pH. 
They do not seem to be liable to become contaminated with moulds, as is the 
phthalate solution. 

Liquid Junctions. —^To procure a reproducible junction of the free diffusion 
tjrpe, Guggenheim recommends that it be formed under conditions of cylindrical 
symmetry. The apparatus shown in Fig. 3 was found to be convenient for this 
purpose. It was constructed mainly out of semi-capillary tubing, and it was 
so designed that all important parts of the cell could be kept below the surface 
(XY) of the constant temperature bath. The aim is to produce an initially 
sharp boundary between the buffer solution (above) and the saturated KCl 
(below) within the tube J and about 1-2 mm. from its lower end. Opening taps 
A and B allowed the solution in the electrode vessel to flush out J and leave it 
filled to its lower end, excess liquid running to waste via the siphop tube S. 

« J. Amer. Chem. Soc., 1930, 53, 1315. 
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With A closed and C open to the air, the outer part of the junction vessel V 
could next be emptied by use of B. With B closed and C still open, tap D al¬ 
lowed saturated KCl from the reservoir to rise slowly in the junction vessel and 
make contact with the buffer solution in J. C was then closed and D re-opened 
momentarily so as slightly to compress the air trapped in the upper part of V. 
It was possible to carry out the foregoing operations in such a way that, on 
opening A, the compressed air caused the junction to rise 1-2 mm. inside J. 
The junction formed in this manner is not extremely sharp ; rather it will cor¬ 
respond to conditions in an initially sharp boundary that has aged, which is not 
necessarily a disadvantage. In any case a reproducible e.m.f. was at once 
attained. During measurement the tap A may be closed if desired, the film of 
electrolyte round the barrel of the tap usually conferring sufficient conductivity. 
At any time the old junction can be washed away through the waste outlet, 
and a new one formed if desired. 

The arrangement suggested by Coates requires only two taps, though one 
of them has to be of the three-way type. The system described above is con¬ 
sidered to be more convenient in that it allows all liquid columns to be immersed 
in the thermostatic liquid, whilst at the same time allowing all tap handles to 
be clear of it, and in that (by keeping tap A closed) it can readily be used with 
electrodes around which a gas is being bubbled. 

This work was carried out in the University of Sheffield, and we wish 
to thank the West Riding County Council for financial aid which enabled 
one of us (N. S.) to take part in it. 

Summary. 

Potassium hydrogen benzoate, KII(C5H5COO)2, and potassium hydrogen 
phenylacetate, KTT(C7H7COO)2, have been investigated as materials for the 
preparation of standard buffer .solutions. Their solubility relationships have 
been examined by reference to the ternary isothermal diagrams for the system, 
acid-salt-water. The phenylacetate system shows a very large " salting-in " 
effect. The pn values (expressed on a standardised scale) of 0*015 m. benzoate 
and of 0*033 phenylacetate have been determined at 20" and 25“ c. A con¬ 
venient apparatus for forming the liquid junction between a buffer solution and 
saturated potassium chloride is dc.scribed. 

The Technical College, Chemistry Department, 

Derby. The University, 

Glasgow, W.2. 

/. Chem. Soc., 1945, 489. 


THE CALCULATION OF SURFACE TENSION FROM 
INTERMOLECULAR FORCES. 

II. NUMERICAL RESULTS. 

By J. Corner. 

(Communicated by Sir John Lennard-Jones, F.R.S.) 

Received 26th June, 1947, as revised iSth May, 1948. 

1. Introduction. 

In an earlier paper Lennard-Jones and Corner ^ showed how surface 
tension could be calculated, in principle, from a “ cell " model of the liquid 
state. The general relations between the intermolecular forces and the 
characteristics of the surface tension, including in particular the parachor, 
were also discussed. The paper did not include the detailed numerical 

^ Lennard-Jones and Comer, Trans. Faraday Soc., 1940, 36, i 156. 
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consequences of the cell model, since these had not been completed ; 
it was obvious that some time would elapse before the authors were able 
to return to this subject. Lately it has become possible to complete the 
computations, which are reported in the present paper. 

After a r6sum6 of the formulae needed from the first paper, and their 
relation to work which has appeared since that time, the theoretical results 
are compared with experiment. The mathematical details are discussed 
in Sections 4 and 5. 

2 . The Relation between Surface Tension and Intermolecular 
Forces. 

The surface tension, a, of a liquid is, in the notation of the paper of 
Lennard-Jones and Corner,^ 

a = n - + N.kT]n (V*/Vr) . . . (I) 

where ~ ^0 is the increase in the potential energy, per unit total 
area of interface, when two semi-infinite blocks of liquid with plane faces 
are moved from zero to infinite separation in a reversible isothermal 
process ; N, is the number of molecules on unit area of the face exposed. 
The quantities Vf and V* are the free volumes of a molecule at a site 
on the exposed face and in the bulk liquid respectively. In deriving (i) 
it is assumed that the density of the vapour is negligible compared with 
the density of the liquid. 

Let V be the volume of a mole of the liquid of N molecules. It is 
convenient to introduce at this point the intermolecular potential which 
we shall use— 

£ = - 2(ro/r)>)] . . . . (2) 

where ^ is the maximum depth of the potential, attained at a separation r©* 

The empirical relation (Eotvos’ law 

aFf = iC(ro-r) .... (3) 

in which K and To are independent of the temperature, was derived from 
(i) by Madelung ® and Born and Courant.* For this, one neglects the 
temperature-dependence of the ratio of the free volumes and uses the fact 
that Ng is proportional to V~^. If. further, one assumes that ¥^o — is 
proportional to the surface density of molecules, that is, to V~^, and is 
independent of temperature, eqn. (3) is obtained. This was the course 
followed by Madelung, who took a plausible approximation for the change 
in the free volume caused by the change in the number of neighbours, and 
obtained K near the correct value. Bom and Courant * treated the motion 
of the surface molecules as the vibrations of an clastic system, in much 
the same way as in Debye’s theory of specific heats, and arrived at a 
formula for K which agreed with experiment to within a few per cent. 
A very similar calculation was made by Brillouin.® In all these treat¬ 
ments — ^0 was not calculated, and it was assumed that it gave the 
constant term in Eotvos’ law. We shall show in Section 3 that in 
fact the two terms in ,(i) do not correspond to the two terms in Eotvos’ 
law, nor indeed is the division of a into the two terms of (1) completely 
unique. 

Belton and Evans • have calculated surface tensions from a cell model 
of a liquid, and have shown that the potential energy contribution to the 
surface tension is sufficient to account for most of the observed temperature- 
dependence. They explained the remainder as arising from a surface 

* Eotvos, Wied, Ann., 1886, 27, 456. 

* Madelung, Physik. Z., 1913* * 4 f 729 - 

* Born and G^urant, ibid., 731. 

* Brillouin, Compt. rend., 1925, 180, 1248. 

* Belton and Evans, Trans. Faraday Soc., 1941, 37, i. 
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free volume not equal to that of a molecule in the bulk phase. They did 
not calculate the preferred face or the surface free volume, and their 
assumed intermolecular potential diders from that which we use. 

The surface energy per unit area is 

a - Tda/dT = IPo - - T(dF/dr)d( - ^o)/dV 

- iSr./cr*2) In {VflV*)llT - NkT^idV/dT)^ In (F*/F?)/bF . (4) 

Of these terms we may neglect that involving ^ In (V*IV^)l'dT. For 
kT*'b In Vfl'bT is the part of the mean potential energy of an interior 
molecule due to its motion around its equilibrium position. It is, for 
example, 3/CT/2 when the motion is that of a three-dimensional harmonic 
oscillator. It is nearly the same for a surface molecule as for one in the 
interior of the liquid, so that we may take In (Vf/Vf) to be nearly in¬ 
dependent of the temperature (at constant density). Moreover, calculation 
shows (cf. Section 5) that the ratio of the free volumes varies only slowly 
with the density of the liquid, so that the last term in (4) is only about 
10 % of Wq On the other hand the term involving d( — ^0)/^^ 

is comparable to — 0 ^ itself. It follows that surface energies cannot 
be calculated from the term *Po ~ ^0 evaluated at one temperature, 
though if this be calculated as a function of temperature the surface energy 
can be obtained with an error of about 10 %. 

Harasima ’ has obtained Wq — ^0 for a face-centred cubic lattice of 
molecules with intermolecular potential (2). He assumed that the ex¬ 
posed surface of the lattice was a (100) plane. With force-constants 
from second virial analysis, the surface energies calculated from — 0© 
were in good agreement with experimental values extrapolated to 0° k. 
Harasima did not calculate the free volumes at the surface or in the interior, 
and hence did not obtain the surface tension. 

3. Theoretical Calculation of Surface Tension and Comparison 
with Experiment. 

We proceed now to more detailed calculations. Following Lennard- 
Jones and Devonshire,® we assume that the equilibrium positions of the 
molecules form a face-centred cubic lattice. The first question to be 
settled is which of the crystal faces will be exposed at the surface The 
answer is, of course, the face of lowest free energy per unit area, that is, 
with the lowest surface tension. Of the three densely-occupied planes 
of the face-centred cubic, namely the (100), (no) and (in) planes, one 
can be excluded immediately by the following considerations. 

Table I shows the salient features of the three faces. The potential 
energy contribution ~ ^0 to the surface tension is only partly due to 
the loss of nearest-neighbour bonds, but it is clear that (no) and (in) 
will give smaller values than (100). As a matter of fact, an accurate 
calculation shows that the (in) face does give a smaller contribution 
than the (no) face, as indicated in Table I, though the difference is smaller 
than the limit of reliability of such an approximate calculation. 

The free energy of the surface is less than the potential energy contribu¬ 
tion by a term proportional to the surface density of the molecules, and 
proportional to the temperature. This term depends also on the free 
volume of a surface molecule, which may be somewhat different for the 
three faces. It is therefore not possible to say immediately which of the 
(no) and (in) faces will have the lower surface tension. This can 
determined only by more accurate calculations. It will be shown in 
Section 5 that the (in) face has the lower surface tension, by about 10 %. 
From this point, therefore, all theoretical results quoted will be those for 
the (in) face. 

’ Harasima, Proc. Phys,-Math. Soc. Japan, 1940, 22, 825. 

® Lennard-Jones and Devonshire, Proc. Roy. Soc. A, 1938, 165, i. 
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The computed surface tension depends explicitly on both density and 
temperature, and before a comparison with experiment can be made 
one must choose some relation between liquid density and temperature. 
The theoretical results of Lennard-Jones and Devonshire for the 

equation of state of simple liquids give a fair representation of the empirical 
results, but the inaccuracy is sufficient to obscure the error in the surface 
tension due to the imperfections of this model as regards the surface phase. 

TABLE I.— Geometrical Properties of Surfaces of Face-Centred Cubic 

Lattices. 

The distance between nearest neighbours is a. 


Face. 

(100). 

(no). 

(III). 

Number of nearest neighbours of a 
surface molecule 

8 

7 

9 

Number of nearest neighbour bonds 
broken, per surface molecule 

4 

5 

3 

Area per molecule 



V 3 «V 2 

Number oFnearest neighbour bonds 
broken, per area a* . 

4 

3*54 

3-46 


In short, the inaccuracy of the equation of state from the model of 
Lennard-Jones and Devonshire is well-known ; if we wish to find how 
well this model reproduces surface properties it is clearer to use an em¬ 
pirical equation of state. 

Guggenheim has shown that the density of simple liquids (Ne, A, 
Nj and O,) is closely represented by 

vjv = I + 0-75(1 - r/r.) + 1-75 (I - r/r,)* . . ( 5 ) 

with errors of, for example, o-2 % for argon throughout the whole range 
of the liquid phase. Here Ve is the critical molar volume. To use this 
relation in our computation of surface tension we must connect ^ and 
Vq with Tc and Pe- A relation between ^ and Tc was first obtained by 
Lennard-Jones and Devonshire,^* whose theory of critical phenomena 
gave kTc/ 4 i = 4/3. This is close to the empirical results, for which an 
average for Ne, A, Nj and CH4 is (cf. Appendix) 

krj^ =1-29.(6) 

The theoretical result for was not very successful; as shown in 

Appendix, an empirical mean (Ne, A, Xe, CO, CH4 and Nj) is 

.(7) 

where Fo = iV>'o®/V2 • • . • (8) 

We have used the equation of state (5), relating and to the force- 
constants ^ and ro by (6) and (7), and have computed the surface tension 
at two temperatures near the lower part of the liquid range ; two tem¬ 
peratures well below the triple point have also been studied to verify 
that no unreasonable results appear outside the liquid range. The theor¬ 
etical surface tension and its constituent parts are given in Table II. 
The contribution of the potential energy term is written as ^S/2 per mole¬ 
cule, and there is also a term kT In (Ff/Fjf'). By (i), their difference is the 

• Lennard-Jones and Devonshire, ibid., 1939* 1 ^ 9 * 317* 

^® Lennard-Jones and Devonshire, ibid., 1939, 464. ^ 

“ Guggenheim, /. Chem. Physics, 1945, 13, 253. 

Lennard-Jones and Devonshire, Proc. Roy. Soc. A, 1937, *^ 3 * 53 * 
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surface free energy per molecule, and by converting to the free energy per 
unit area we reach the surface tension, a. 

It will be noticed that the free volume available to a surface molecule 
is, for (Fq/F)* = 0*7, only slightly greater than the free volume of a 
molecule in the interior. Under certain conditions the surface free volume 
can even be less than the free volume in the liquid. This result is surprising 
at first sight, since it means that the removal of half the lattice, including 

TABLE II.— Theoretical Surface Tension, using Guggenheim’s 
Equation of State 


] 

TIT ,, 

^ IhT . 

S/2. 

IftTI *) X 

In 

OlfoH - 

0-7 

0*620 

1-2495 

1*905 

0*007 

1-946 

0-8 

0*521 

1-4871 

2-338 

0*103 

2-396 

0-9 

0*421 

1-8432 

2*686 i 

0*160 

2-817 

1-0 

0*319 

2*4280 

2*950 i 

0*176 

3-203 


three of the nearest neighbours, actually decreases the free volume avail¬ 
able to a molecule. The explanation is that the molecule takes up a 
new equilibrium position closer towards the bulk of the liquid, and in 
this position it can, under certain conditions, be in a potential well which 
is both deeper and steeper than before. This lower potential energy 
will be calculated (Section 4) in our discussion of the potential energy 
contribution to the surface tension. We might prefer to calculate the 
potential energy and free volume terms on the basis of the original equili¬ 
brium position. It can be shown that the surface free volume would be 
increased and the surface free energy reduced thereby, but that this would 
be exactly counterbalanced by an increase in the potential energy Wq — 
Thus the division of the surface tension into terms arising from potential 
energy and free volume changes is not unique. 

Guggenheim has shown that the experimental data on surface 
tension can be accurately represented by 

a = a,(l - T / T,Y .... ( 9 ) 

where r = 11/9 and oq is a constant such that a^V^i/Tc has almost the 
same value, 4-4 erg degree-^ mole “I for the simpler molecules. A relation 
of form (9) can be fitted to our theoretical results, using (6) and (7), and 
the points lie within | % of a single curve. Since, however, only the 
two highest temperatures are really applicable to the liquid state, it is 
perhaps more significant to use only these ; we then find r == 0-897 
oqVc^/Tc = 5-91 erg degree-^ mole-f. The deviations are therefore 
about 30 % for both parameters, A factor which may account for most 
of this difference is the high co-ordination number, 12, of the face-centred 
cubic lattice assumed here ; co-ordination numbers around 10 have been 
derived from X-ray observations on liquids.^® 

4. Calculation of the Surface Tension of a (111) Face. 

To obtain the potential energy contribution to the surface energy we 
must first calculate the position of the outermost layer of molecules. This 
will not be at the same distance from its neighbours that would occur 
in an infinite lattice. To calculate the equilibrium distance we minimise 
the potential energy of the system. The displacement from the normal 
distance is small, amounting to about 6 % of the nearest-neighbour 

For a typical monatomic liquid, cf. Lark-Horovitz and Miller, Nature, 
1940, 146, 460. 
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separation, when the molar volume of the liquid is i*i Fq. At this density 
the motion of the outermost layer decreases the potential energy contribu¬ 
tion to the surface tension by about 5 % ; at the boiling-point the effect 
is to reduce the surface tension by roughly 10 %.♦ 

We take rectangular Cartesian axes, Ox, Oy, Oz, and write a as the 
distance between the lattice-points of the face-centred cubic. Then 
the lattice-points of the unit cell are at (ooo), (iro)a/'\/2, (ioi)a/V'2, and 
(on)aly/2, and all points of the lattice can be obtained by a translation 
[p, q, r)a\/2 (where p, q and v are integers or zero), applied to the four 
lattice-points in the unit cell. We consider a semi-infinite lattice bounded 
by a (ill) plane through the origin, so that only those lattice-points are 
occupied which satisfy the condition x y z > o. In the summations 
over lattice-points we have used the 428 points which are not more than 5a 
from the origin, and have extrapolated to all lattice-points as explained 
later. 

Let the face molecules be moved a distance naV^/2 perpendicular 
to the (ill) face. The molecule at the origin is moved to (iii)wa/\/2. 
Let its potential energy in this position be written — I ^ function 
of the specific volume of the lattice, but it is not necessary to make explicit 
reference to this parameter. The potential energy of a pair of molecules 
with a distance d between centres is 

4 ‘[{V,IVnaldY^ - 2(F./F)»(a/d)«] 

since V is the molar volume of the lattice, namely Na®/\/2, and Fq is 
related to the parameter in the intermolecular potential (2) by the defini¬ 
tion Fo = Nf^l^2, To calculate xW. we sum {afdY and (ajd^^ over 
all the neighbours of the central molecule, remembering that all the face 
molecules have received the same displacement as the central molecule. 
£(aldY^ presents no difficulty, since the successive terms diminish rapidly. 
For S{aldY some form of extrapolation is necessary, since there is a sub¬ 
stantial contribution from neighbours which are more than 5a away. 
We have used the following method. 

Let V be the number of neighbours whose distance from the origin 
is not more than a certain arbitrary distance fta. Let ma be the radius 
of the hemisphere which would be occupied by these molecules at the 
average density y/2la^, so that m® = 3^/2 V2Tr. We replace the neigh¬ 
bours not included in these v by a continuous distribution of density 
\/2/a®, and approximate to the sum Z(aldY over these outer neighbours 
by the integral of (a/dY over the continuous distribution, giving, as an 
approximation for l!(aldY, 

_ _ V 

1 

By plotting Il(v) against i/v one can extrapolate to infinite v. By using 
the values v = 301, 355 and 428, it is possible to obtain L{aldY to an ac¬ 
curacy of about I in 10,000, and this can be improved by a process explained 
later. 

In this way J0{a/dY and Z(a/dY^ were computed, to 4 and 5 decimal 
places respectively, for n ~ — 0 5 (0-025) 01, and x was calculated for 
these values of n at (Fq/F)* = 0-7, o-8, 0-9, 0-95 and i. From these 
results was obtained the value of n, namely, n^, which makes x a minimum, 
and the minimum x was located with an error of less than i in 10®. In 
Table III are given x(««) and, for comparison, x(o). 

We turn now to the calculation of the complete potential energy term 
Wq — 0 Q in the formula (i) for the surface tension. This term is a 
function of n, and the face molecules will take up the value of n which 

♦ Harasima ’ neglected this motion of the outer layer in his calculatidns of 
surface energy. 
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minimises This is the energy of the bonds broken in the forma¬ 

tion of unit surface area. Let — ^(Fo/F) be the potential energy of 
a molecule in an infinite face-centred cubic lattice, so that the potential 

TABLE III. —^Motion of an Exposed (hi) Face 




Xinm). 

Z(o). 

0-7 

0-075 

10-6524 

10-1361 

0-8 

0-054 

11*1648 

IO-8585 

0-9 

0-036 

11-5496 

11-3994 

0-95 

0-027 

11-6947 

11-6019 

i-o 

0-020 

11-8077 

11-7589 


energy of the lattice is ^{/2 per molecule. The values of 27 (a/d)« and 
S(a/dy* for an infinite lattice have been obtained by Lennard-Jones and 
Ingham,^* and lead to 

{ = 12-13188 (VJVy - 28-90784 (Fo/F)». . . (10) 

The potential energy of a face molecule is (algebraically) greater than 
its potential in a complete lattice, by the amount — x(^)]- Let 
—• ^Qi(n) be the potential energy of a face molecule at n, by its interactions 
with the molecules in the second layer. Then a molecule in the second 
layer has a potential — ^x(o) from the third and all succeeding layers, 
while it has also a potential energy — <l>Qi(n) from interaction with the 
face molecules. The gain of potential energy of such a second-layer 
molecule when the face is formed is therefore ~ 

Similarly, the gain of energy of a molecule in the third layer is 

~ x{o) - f?,(o) - Q,(n)]. 

The potential energy, per molecule, associated with the surface is ^S(w), 
with 

S(«) = K - x(«)] + [? - X<o) - fl.(w)] + K - x(o) - fl.(o) - fl.(n)] 

+ . . . (II) 

In a ( hi ) face the area per molecule is V^a^l2. The potential energy 
<l>S(n) is a consequence of the formation of two such areas, and the potential 
energy per unit area is 

<l,S{n)laW3== (<l>lr.*)(VJV)iS{n)lV3 . . . (12) 

This is the term which in Section 2 was denoted by (V'o — ^0) 

The calculation of such terms as f?i(«) reduces to summations over 
the molecules in one layer ; the summations are therefore less laborious 
and extrapolation is easier. To find 2 {aldy we proceed in a manner 
analogous to that followed in the calculation of the space-summation. 
The (ill) face has a surface density 2/a*V3 and therefore v sites, dis¬ 
tributed with this density, fill a circle of radius ma, where m* = y/^vl2ir. 
Let the layer considered be the {p -j- i)th, namely -f y -f -? = 

Then an integration over the smoothed-out distribution of molecules 
outside a radius ma leads to the approximation 

^ a %aldY + 9»r/4“^3(/>* + 3 Viv/4,r)* . (13) 

1 

The convergence of i^(i/) is very rapid for these layer summations and a 
result correct to four decimal places can be obtained by using the value 
where the part by accurate summation extends to 5a from the origin. 

Lennard-Jones and Ingham, Proc, Roy, Soc. A, 1925, 107 , 636. 
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In this way were computed Z(ald)^ and to 4 and 5 decimals 

respectively for the first 13 layers, for the values w* in Table III, and 
also for n = o. 

The minimum value of S(n) occurs at that n which makes x(w) ^ 
maximum; this makes it sufficient to compute 5(n,„) alone and not the 
general function S(«). 

With these values can be performed two checks which verify the 
accuracy of our enumeration of the lattice sites, the extrapolations, and 
the numerical working. In the first place, the sum of the layer summa¬ 
tions of (ajdY or must equal the direct summation over the semi¬ 
infinite lattice. For this is merely a test of the numerical working. 

For w = o the observed difference of i part in 150,000 was traced to an 
accumulation of rounding-off. 

The corresponding test on £(ald)^ is also a check on the methods of 
extrapolation. It is necessary to carry out an extrapolation over the 
layers beyoncf the 13th. Putting v = o in (ii), we find the contribution 
from the {p -f i)th layer to be 3, if p is more than 7, say. The 

sum of {a/dy over the whole space x y 2 > p^aj ^/2 is therefore 
7rV3/4/>o®- Using this with p^ = 12*5, the sum of the layer summations 
(for w = o) was found to differ by only two in the last place from the 
extrapolation of the space-summation. 

There is a second check on the enumeration of the lattice-points and 
also on the extrapolated value of £{aldy over the semi-infinite lattice. 
The potential energy of a molecule in a complete lattice is equal to twice 
the potential energy when it is in the face of a half-lattice, minus the 
potential energy to the other face molecules. This equality holds for the 
separate summations of [ajdY and (ajdy^. Using the values for the com¬ 
plete lattice found by Lennard-Jones and Ingham,^* exact agreement 
was found for to the five decimals kept throughout the calculation 

of the individual terms. If for i7(a/d)®, summed over the half-lattice, we 
use the sum of the layer-summations, then the check is satisfied to the 
four decimals kept in the computations of (dldy. This is a sensitive test. 

We return now to the function 5(n), formed from the layer sums whose 
calculation and checking we have just described. The summation in 5 
requires yet another extrapolation, treated in the same manner as before, 
and which in this case amounts to only a few units in the fourth decimal 
place. Table IV shows the final results. It is to be noted that S{n^) 

TABLE IV. —Potential Energy Contribution 
TO the Surface Tension; (hi) Face 


iVolV)*. 

S(n«)/V 3 . 

S(n„). 

0*7 

1*953 

3*809 

0-8 

2*507 

4-677 

0*9 

2-995 

5-373 

0*95 

3*211 

5-657 

I 

3*406 

5-^99 


is not independent of density ; this contradicts the assumption made 
by Madelung, and by Bom and Courant, in their derivation of Eotvos' 
law. 

To complete the derivation of the surface tension, it remains to cal¬ 
culate the free volume of a molecule in the interior and at the (ni) face. 
The former has been reduced by Lennard-Jones and Devonshire to 
the computation of an integral over one variable. At the surface the 
molecule is in a much less symmetrical field, and the computation is more 
laborious. It amounts to the numerical calculation of a double integral. 
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in the case of the (in) face, and to the calculation of a triple integral 
for the (no) surface. We sketch here the method used for the former. 

The position of the other molecules in the surface does not affect, 
except to a minor extent, the free volume available to the central mole¬ 
cule considered. It will make little difference if we assume that the 
other surface molecules lie in the plane x + y -j- s: = o, instead of being 
at their equilibrium positions in the plane x y + ^ ^n^aly/2, where 

is given in Table III. We write — ^x'(^) potential energy of 

the molecule when it is at x ^ y — z nafy/z and the other surface 
molecules lie in a; -j- y + 2 = o. The function x'(w) can be computed 
by the methods used for x(w)- Let n'^ be the value of n which makes 
x' a maximum ; n'„ is close to n^. 

Consider any position of the central molecule. This position can be 
specified by quoting the values of «, f and B, where the position lies in the 
plane x y z ~ 3«a/\/2, at a distance (a from x = y = z — naj's/z, 
the line to which makes an angle 0 with some fixed reference line. Let 
^P(«, {, 0 ) be the potential energy in this position. We have to cal¬ 
culate the free volume of a surface molecule 

= ( 3 / 2 )*'»®l dwf fdfl exp[^{(P - x'{«'m))/*r]dfl. 

J_00 Jo Jo 

The surface molecules are in hexagonal close-packed array. This highly 
symmetrical arrangement allows us to replace the averaging of €xp(</>P/kT) 
with respect to 0 by the simpler averaging of P itself, so that 

*V6a’f”^dnj"exp[^{:P(w, () - x'(n'„)}/k7-](d(. 

For the calculation of P(n, f) we divide it into two parts ; the value at 
f = o is just 2ind this we compute accurately ; the change in potential 
energy in moving from ( — o to {, staying in the plane n, is approximated 
by considering only interactions with 24 of the nearest neighbours, namely 
the g nearest, the 3 next-nearest, and 6 from each of the next two shells. 
This should give a close approximation to the free area in each plane. 

The formulae for potential energies averaged with respect to 0 are 
easily derived. Consider a ring of c molecules in a plane ^ -f y 4 - ^ = 
constant, all at a distance P from the foot of the normal from the origin. 
Let the plane x -j- y + z = 3«a/\/2, in which the central molecule is 
moving, be at a perpendicular distance / from the plane of the c mole¬ 
cules. When these are arranged symmetrically at an angular spacing 
of zirjc, the mean potential on the circle f == constant is c times the mean 
potential when only one is present, and this can be computed from the 
means of the inverse sixth and twelfth powers of the separation. The 
first of these is 

(R 2 ^ I 2 )t 4, ( 2/2 ■!. 4 i?«)(fa)a 4. (f ^)4 

[(i?* 4- /»)* + 2(/» - i?*)(fa)* -h 

and the second is 

(R» 4- 4- + 4 (^* + 

_ 4- (76/?* + 4- 67*)(fa)^ 4 - 4 ( 6 /t?» + /»)(f^)^ 4 -(l^)*] 

[(/?. + iiy 4. 2(/*~ie*)(fa)» 4- (iam 

As a check we may put / — o, when the formulae reduce to those given by 
Devonshire.^* 

For the neighbours of a (iii) molecule we use the first three rings of 
neighbours in the face and the first two rings in the second layer of mole¬ 
cules in the lattice. With these formulae we can calculate P(w, () — x'(n) 
as a function of n and f for any value of the specific volume V/Vq» If, 

^* Devonshire Proc. Roy, Soc. A, 1937, 132. 
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Fig. I. ---The potential energy —<jix of a face molecule at at = y — 2' = najy/z, 
interacting with the face-centred cubic half-lattice ^ + y -f -? > o. The other 
molecules of the (in) face are in their normal positions. (Fq/F)* = 0*9. 



Fig. 2.—Free area available in plane ^ -f y -f- 2: = ynaj\/2 for a molecule of 
the (in) face. (F^/F)* = 0*9; ~ 1*317. 
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further, we know ^//cT corresponding to this specific volume, we can com¬ 
pute 

f (exp [^{P(m, 0 - x’{*t))lkT]d( . . (14) 

•'0 

and then by a repetition with other values of n we obtain finally the free 
volume per molecule 

F* = ,r V6a«f "^exp[^x'(»») - x'(n„))/kT] d»Jexp[^(P(«, f) 

- x'(n}}/kT]d( (15) 

Our computation of (15) was carried out for 

n =— 0*4 (o-i) — 01 (0 05) 0*15 

and additional values were interpolated. Nine sets of (V/Vq, <l>/kT) 
were used. The function x'(v) was computed for 

w = — 0*4 (01) — 01, — 0*5 (0 025) 01, 0*15 and 0*2, 

and additional values were interpolated. Fig. i shows a typical 
this particular curve corresponding to rather more than the normal liquid 
density. Finally the surface free volume was computed from (15). 

In Fig. 2 is shown the contribution of various planes to the surface 
free volume for (Fq/F)* = 0-9 ; ^//cT = 1*317. 

5. Calculation of the Surface Tension of a (110) Face. 

Little need be said about the potential energy terms for this face, 
since the methods of calculation are precisely the same as have already 
been sketched for the (iii) face. In particular, it is possible to verify 
the accuracy of large parts of the work by simple checks. The calculation 
of the surface free volume is, however, much more troublesome, owing 
to the low symmetry of the restraining field in which the molecule is 
moving ; another difficulty is the weakness of this field, so that the mole¬ 
cule can make embarrassingly large excursions from its equilibrium posi¬ 
tion. It is clearly insufficient to average the potential around a circle 
with centre at the equilibrium position, and one must compute a triple 
integral instead of the double integral sufficient for the (iii) face. It 
would not be justified to go into the details of this computation, since it 
is found in the end that the surface tension would be higher than for the 
(in) face, and hence only the latter has physical significance. The differ¬ 
ence in surface tensions is shown in Table V. The calculations were carried 

TABLE V. —Comparison of Properties of (iii) and (no) Faces of the 

Face-centred Cubic 


(Fo/F)*. 

4>lhT. 

Difference of 
Surface Tensions. 

Vtl 

(no). 

vj for 

(III). 

0-8 

1*067 

O-I 

2*49 

1*34 

0*9 

1-317 

0-2 „ 

2-37 

1*46 

0*95 

1*500 

0*2 „ 1 

2*40 

1*52 

1*0 

1*750 

0-3 M 

2*38 

1*60 


out for four values of the density of the lattice, with corresponding values 
of kT from the paper by Lennard-Jones and Devonshire ® on the vapour 
pressure of a liquid. The surface tensions depend on the free volume 
available to an internal molecule, and this dependence does not disappear 
completely when we consider the difference of the surface tensions. The 
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values of the internal free volume V* were computed from the formulas 
of Lennard-Jones and Devonshire (loc. cit.). The variation in Ff/F,* 
for the (no) face, shown in Table V, is less than the possible error of the 
computation, which must be expected to rise to a few per cent, at the end 
of the rather elaborate series of interpolations and integrations carried 
out. The sign of the difference of surface tensions is, however, clearly 
shown by computations even of this accuracy. 

I am indebted to Prof. Sir John Lennard-Jones, F.R.S., for his continued 
encouragement of this work, to Prof. E. A. Guggenheim, F.R.S., for his 
helpful suggestions, and to the Chief Scientist, Ministry of Supply, for 
permission to publish this paper. 

Summary. 

Theoretical expressions for the surface tension of a liquid whose structure 
is approximately close-packed have been published by I-ennard-Jones and 
Comer. In the present paper these formulae are evaluated numerically and 
compared with experimental results for normal liquids. The theoretical surface 
tension is about 30 % too large and its temperature-dependence is in error by 
roughly the same amount. It seems probable that at least the former of these 
differences is due to the assumption of a close-packed liquid structure, which 
leads to an overestimate of the binding energy of the bulk liquid phase. 


Appendix: The Values of kTe!<j> and Vo/V„. 

This survey is restricted to the substances with simple molecules and only 
small quantum corrections to the translational motion. The experimental 
data in Tables VI and VII are well known, and therefore references are made 
only to the sources of 4 and Vq. The mean value of kT^I<l> is vzg. The value 
of V^IVq for krypton seems to be well out of line, and we neglect it in forming 
the mean, which is — 3*05. 


TABLE VI.— Values of kTJ(l> 



Ne. 

A. 

Na. 

CH«. 

<!>, in 10“'* ergs . 

0’50i® 

1-647“ 

1-307* 

1 - 95 *^ 

T,. °K. . . . 

44*7 

1,50-7 

126*0 

190*7 

krj 4 > .... 

1-23 

1*20 

1-33 

1-35 


TABLE VIL— Values of VJVq 



Ne. 

1 

A. 

Kr. 

Xe. 

CO. 

CH4. 

N*, 

V„, cc./mole. 

Vq , cc./mole. 

Kiv , . 

41*7 

13.4a 

3*11 

75-25 

24*7« 

3-05 

92*1 

28*0** 

3*29 

II4 

37-5** 

3*04 

93 

30-3** 

3-07 

98*6 

32*7‘' 

3*02 

90 

2 Q*6® 

3-04 


Sources of Data— 

a : derived from an analysis of second virial and low-pressure Joule-Thomson 
coefficients (Corner, Trans. Faraday Soc. (in press)). 

b : Corner, Trans. Faraday Soc., 1940, 30, 780. ^ , , , . 

c : computed from gas isotherms of Kvalnes and Gaddy, /. Amer. Cfieni. 
Soc„ 1931, 53, 394, and Joule-Thomson data of Budenholzer, Sage and Lacey, 

Tnd. Eng, Chem., 1939» 3 L 369- . 1 - + 

d : derived from experimental lattice-spacing at low temperatures. 

Armament Research Establishment, 

Ministry of Supply, 
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Newer Methods of Preparative Organic Chemistry. Translated and 
Revised from the German. (Interscience Publishers, Inc., New York, 
1948). Pp. xiii + 657. Price 51s. 

Most organic chemists knew Nemre Methoden der prdparativen organ-- 
ischen Chemie which appeared in 1942, being reprinted in 1944, and which 
itself was a collection of articles published somewhat earlier in Die Chemie. 
The present work is rather more than a mere translation of the original 
work. It consists of revised translations of thirteen out of the seventeen 
original articles together with excellent compound and subject indexes. 

Though the individual chapters have been the responsibility of different 
American translators, the quality of the resulting text is remarkably 
uniform and high, and successfully avoids giving the impression of a mere 
compilation. The level of present usefulness of these articles is, inevitably 
perhaps, less even ; they range from essays such as those on Raney Nickel 
Catalysts (R. Schrbter), Hydrogen Fluoride in Organic Reactions (K. 
Wiechert) and Syntheses with Diazomethane (B. Eistert) which engage 
at least the interest, if not the practice, of all organic chemists, to articles 
such as that on Biochemical Oxidations and Reductions (F. G. Fischer) 
which are of more limited attraction. In respect of detail, the text 
appears to be satisfyingly free from errors, the few that have been noted, 
like “ acenaphthene (XVIII) for “ acenaphthene (XVII) (p. 7) being 
typographical and unlikely to lead to misunderstanding. The revision 
mostly consists of the addition of selected and mainly American references, 
and the opportunity might have been taken to bring the text more nearly 
and more completely up to date. The valuable method of desulphurisa- 
tion by means of Raney nickfel, for example, appears to have been awarded 
only one early reference and not a single example is cited. On the other 
hand the revision in, for example, the chapter on Boron Fluoride as 
Catalyst (D. Kastner) seems very satisfactory in its extent. The short¬ 
comings of this book are, however, truly minor ones when considered 
together with more than six hundred pages tightly packed with so much 
information of preparative importance which is not to be found in the older 
texts ; matter which is so obvious and constant a feature of modern 
organic chemistry that its ready reference becomes the cause of some 
bewilderment. Well and durably produced as this book is, it is regrettably 
costly when it is recalled how rapid and continuous has been the develop¬ 
ment of ** newer methods of preparative organic chemistry,'' and how 
that development is likely to be maintained in the coming years. 

A. H. C. 


Mechanical Behaviour of High Polymers. By Turner Alfrey, Jr. 

(Interscience Publishers Inc. New York, 1948). Pp. xvi -f 581. 

Price 57s. 

The publication of Dr. Alfrey's book on mechanical properties of large 
pol)nners has been awaited with interest since its preparation was announced 
some time ago. This subject is probably the most difficult in high-polymer 
chemistry for it includes not only chemistry but much fundamental physics 
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and even engineering. While a number of books have discussed the 
subject in relation to the more general problem of the strength and 
mechanical properties of materials, none has been devoted wholly to high- 
polymers. The subject is of vital importance for, in the end, the prac¬ 
tical use of a high-polymer is governed far more by its physical than by 
its chemical properties. Yet the chemical properties determine the 
physical properties and consequently it is of the first importance to try 
and achieve as complete a correlation as possible. The problem is much 
more difficult than that in metallurgy, for the variety of physical be¬ 
haviour exhibited by high-polymers is wider than that displayed by 
metals. The accumulation of data on high-polymers has now mounted 
to such an extent that even though inadequately complete, it is sufficient 
to justify a thorough discussion and appraisal by one who has been in¬ 
timately concerned with both chemical and physical sides of the problems 
involved. 

In the main design of the book the detailed chemistry of high-polymers 
has been wisely omitted for it is dealt with in other volumes of the series 
and, what is more important, this detail is not of predominant importance 
in the present discussion. The book is divided into five major sections, 
together with a discussion on the ultimate strength of high-polymers, 
a number of appendices describing the mathematical technique for dealing 
with stresses and strains and a short section on the methods of, but not 
the machines for, mechanical testing. 

The first major section deals with those properties of matter particularly 
relevant to those belonging to high-polymers. It opens with a thorough 
discussion of the mathematics of elasticity ; it deals with the flow of 
Newtonian and non-Newtonian fluids. The behaviour of substances 
neither solid or liquid so characteristic of many high-polymers completes 
the section. With this preparation the systematic treatment follows 
and is based on the general structural characteristics of high-polymers 
rather than chemical constitution. Hence section two is devoted solely 
to the behaviour exhibited by amorphous linear high-polymers. Here 
there is comprehensive discussion of mechanical properties partly on the 
basis of springs and dashpots as the only presently available method of 
dealing with that kind of matter lying between solid and liquid phases. 
Once again the emphasis is on behaviour, illustrative examples being 
drawn from high-polymers of a number of types. Having dealt with the 
behaviour of assemblages of chains, section three is concerned with three- 
dimensional net-works not only of the compact type in which the number 
of cross-links is large, as in phenol-formaldehyde resins, but also of the 
vulcanised rubber type. In order to make this section reasonably complete 
some short account of the various methods of synthesising cross-linked 
pol)miers is given. The crystallisation of high-polymers and the mechan¬ 
ical behaviour of anisotropic material is discussed in section four, where 
particular emphasis is laid on fibre behaviour. Section five is shorter 
than the others. It deals on the one hand with the behaviour of plasticised 
high-polymer systems, and on the other, with the viscous properties of 
buffet high-polymer solutions. The thermodynamic approach to the 
problem is rightly excluded in view of the general thesis of the volume. 
Finally there is section five, a discussion of the vexed question of the 
ultimate strength of high-polymers, but again, mainly from the method 
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of measuring the ultimate strength and less from its general discussion 
in relation to the strength of matter as a whole. 

In a review with such a tremendous field to cover the author is beset 
by numerous diti&culties. The volume of material is so large that it is 
extremely difficult to be critical and remain unbiased. When Dr. Alfrey 
realises this he does the only fair thing, and quotes verbatim from the 
author. The reader is then left to judge for himself. The book reveals 
only too well the wide gaps in knowledge in this division of science. There 
is, however, little doubt that the varieties of behaviour are now well 
recognised and it is plainly a task for the future to try and settle outstand¬ 
ing points by study of existing systems rather than multiply the number 
of systems simply for the sake of multiplication. 

H. W. M. 

Radioactive Tracers in Biology. An Introduction to Tracer Methodology. 

By Martin D. Kamen. (New York: Academic Press, Inc., 1947). 

Price $5.80. 

According to its title, Professor Kamen’s book is meant for the instruc¬ 
tion of those who want to use radioactive tracers in biological work ; but 
this does not mean that biologists only can profit from it. Such research 
is usually carried out by teams which comprise, as collaborators of the 
biologists, chemists and physicists, and it seems that the book will be 
particularly useful for these scientific helpers in the common work; for 
it is written not so much from the point of view of the biological problems 
as of the technique to be applied in radioactive tracer work, whether 
biological or not. The introductory chapters on radioactivity, on the 
production of tracers, and on their measurement—which in parts do not 
differ much from other U.S. publications—will be found very helpful by 
any research worker who is hew to the subject; the biological bias of Prof. 
Kamen’s book becomes obvious only in the selection of his examples of 
tracer application many of which he could take from his own well-known 
research work. 

The valuable book contains very few mistakes. As the author has 
already appended a brief list of Errata, the following additions to it may 
be found useful. Page 21, line 7 from bottom : the fission products of 
uranium extend from element 30 to 64 ; page 27, line 7 from bottom : 
the words “ proton " and neutron ” should be interchanged; page 92, line 3 
from top : the uncertainty of the curie is hardly half the value given; 
page 177, line 9 from top : the activity of a millicurie requires 17 x 10^* 
T atoms. 

F. A. P. 

The Chemistry of Acetylene and Related Compounds. By E. D. 

Bergmann. (Interscience Publishers.) Pp. 108. Price i8s. 

The book under review is based on three lectures delivered by Dr. 
Bergmann at the Polytechnic Institute of Brooklyn in the autumn of 
1946. Its object is to provide an introduction to acetylene chemistry 
and to serve as an incentive to further study. 

A brief account of the more important reactions of the simple acetylenic 
compounds is given, due emphasis being placed on recent developments. 



REVIEWS OF BOOKS 


1051 

Certain aspects of the subject are discussed at some length and the topics 
for such treatment are well selected. Thus a large section is devoted to 
the processes developed in recent years for the condensation of aldehydes 
and ketones with acetylene, and some of the applications of the products 
are described. The polymerisation of acetylene to vinylacetylene and 
cyclo-octatetrafene, and an account of the more important reactions of 
these compounds, are also included. In fact, in the small space available, 
the author has succeeded in covering a surprisingly large amount of a very 
extensive field. This feature should render the book of value to those 
who require a short and readily assimilable account of the salient reactions 
and applications of acetylene. 

An attempt is also made to indicate the theoretical aspects of some of 
the reactions described and to relate the chemical behaviour of acetylene 
" to its molecular structure as determined by the methods of physical 
chemistry.” However, the present reviewer finds some of these sections 
to contain statements and conclusions with which he is unable to concur, 
and occasionally to lack the lucidity characteristic of the remainder of 
the text. Thus in the account of the anionotropic rearrangement of 
ethylenic acetylenic carbinols (p. 88), it is asserted both that ” ethinyl 
alcohols . . . lead to carbonyl compounds,” which is incomprehensible 
in this connection, and also that the ethinyl carbinols rearrange more 
rapidly than the corresponding vinyl compounds, which is incorrect 
(cf. Braude and Jones, J, Chem. Soc., 1946, 128). Further it should be 
remembered that some of the reaction mechanisms suggested have little 
experimental verification, though, of course, they may be of value in 
indicating the directions in which further investigation may profitably 
be undertaken. 

The reader will, however, find this book and the numerous references 
which it contains to the original literature, a useful introduction to the 
field of acetylene chemistry. 

B. C. L. W. 

Chemical and Electroplated Finishes. By H. Silman. (Chapman and 
Hall, London, 1948). Pp. xiii -f 414. Price 30s. net. 

In this book the author starts by describing clearly the effect of cor¬ 
rosion of the commoner metals and shows why the processes he describes 
are necessary. He then describes the processes of polishing, pickling, 
and cleaning in considerable detail, after which metal colouring and electro¬ 
plating are dealt with. The section on electroplating covers most of the 
industrial processes and also deals w^ith modern automatic plant. There 
is a chapter on finishing light alloys. 

This book is clearly written and may be read by those with no special 
knowledge of the subject. It should appeal particularly to engineers, 
designers and executives who wish to decide on the most suitable methods 
to apply to their products. 

A chapter on testing deposits is included, although it is felt that this 
is not as full as it might be, and it is hoped that the author may be able to 
expand this in a later edition. 

The book contains some 400 pages, is fully illustrated and should prove 
of great interest to all who are concerned with metal finishing. 

E. A. O. 
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Selected Values of Properties of Hydrocarbons. Circular C 461 of 
National Bureau of Standards, 1947. By F. D. Rossini, 
K. S. PiTZER AND Others. (U.S. Government Printing Office, Wash¬ 
ington, D.C.) Pp. 483. Price $2.75. 

The review of the above book written by me was published in the May 
number of the Transactions, I have subsequently received a letter from 
Doctor Rossini in which he writes. “ This is to thank you very much for 
sending me a copy of your review of our volume on Selected Values of 
Properties of Hydrocarbons, which is N.B.S. Circular 461. We are par¬ 
ticularly glad to learn that your ‘ only criticisms relate to details of pre¬ 
sentation.’ As I see it, most of your points would have been taken care 
of if we had had time to prepare for the bound volume an appropriate 
list of definitions of the several symbols and terms used. What happened 
was that we had to meet a deadline date after which the funds for printing 
the bound volume would no longer have been available. Accordingly, 
we decided to concentrate on having all of the numerical data as nearly 
free of errors as possible and to forego the definitions.“ 

Had this information been available at the time I wrote the review, 
I should not have included the remark, “ All these small defects in the 
presentation suggest that the actual preparation of the tables may have 
been left too much in the hands of mere computers rather than experienced 
physical chemists.” 

E. A. G. 

Proceedings of the Third International Electrodeposition Conference. 

(London : The Electrodepositors’ Technical Society, 1948.) Pp. 219. 
Price 50s. 

The Third International Electrodeposition Conference organised by 
the Electrodepositors' Technical Society, was held in London in 1947, 
and the present volume gives an account of the conference together with 
the papers presented and the accompanying discussions. It provides a 
useful cross-section of current interests and techniques in the electrolytic 
treatment of metals, and is particularly valuable inasmuch as the previous 
Conference was held in 1939 and the intervening war years have hindered 
the ready exchange of information. Of the twenty-four papers which are 
printed, four deal with the methods and applications of electrolytic polishing, 
and in this rapidly developing subject these authoritative articles—including 
one by Jacquet, the discoverer of the method—are especially welcome ; 
the discussion reveals the imperative need for further fundamental work 
on the scientific basis of the process. Some seven papers are concerned with 
the structure and properties of electrodeposited metals and show the steady, 
if slow, progress which is being made in this difficult field. Four papers 
deal with new plating processes and solutions, and these include a very 
full account of the electrodeposition of tungsten alloys. The remaining 
papers consist of descriptions of particular technical processes, surveys 
of plating practice in different countries, and an interesting account of the 
organisation of research projects sponsored by the American Electro¬ 
platers’ Society. The Electrodepositors* Technical Society is to be con¬ 
gratulated on producing a useful and attractive record of a successful 
meeting. 


A. H. 
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MINUTES OF THE 42 nd ANNUAL GENERAL MEETING 


Held on Friday, 24th September, 1948, at Ashomc Hill, I^eamington Spa, 

Warwickshire. 

The President, Prof. A. J. Allmand, F.R.S., was in the Chair. 

1. The Minutes of the 41st Annual General Meeting were taken as read and were 
confirmed. 

2. In presenting the Annual Report for the year 1947 (Session 1947-48), the 
President mentioned that henceforward the reports of the General Dis¬ 
cussions would be called Discussions of the Faraday Society," the first 
two volumes of the new series being reports of the Discussions held in 1947. 
During the year the arrears of papers awaiting publication had been cleared 
off. 

The membership showed a gratifying increase, and was now double that 
of 1938. 

Mr. Marlow. A warm personal tribute to the late Secretary had appeared 
in the April issue of the Transactions, but the President said he would like 
to remind members of what they already knew, the extraordinary debt which 
the Society owed to Mr. Marlow. 

Dr. Tompkins, who had taken over from Mr. Marlow the position of Editor, 
was now taking over also that of Secretary. 

Finance. In presenting the Accounts for 1947, the Hon. Treasurer said 
that there had been a small loss, due to the abnormal expenditure on printing, 
caused by the accumulation of papers and the increased cost of printing. 
The Society was applying to the Chemical Council for assistance in meeting 
this expenditure. It was not intended at present to increase the annual 
membership subscription. 

The Report was unanimously adopted. 

3. The Officers and Members of Council were elected to take office on the ist of 
October as follows :— 


President 

Prof, Sir John Lennard-Jones, K.B.E,, D.Sc., F.R.S. 


Vice-Presidents who have held the Office of President 
Prof. N. V. Sidgwick, Sc.D., D.Sc., F.R.S. 

Prof, M. W. Travers, D.Sc., F.R.S. 

Prof, E. K. Rideal, M.B.E., D.Sc., F.R.S. 

Prof. W. E. Garner, C.B.E., D.Sc., F.R.S. 

Prof. A. J. Allmand, D.Sc., F.R.S. 
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Vice-Presidents 


R. P. Bell, M.A., F.R.S. 

G. M. Bennett, C.B., M.A., Sc.D., 
F.R.S. 

Prof. H. J. Emel^us, D.Sc., F.R.S. 
Prof. M. G. Evans, D.Sc., F.R.S. 


Prof. Sir Cyril Hinshelwood, Sc.D., 
F.R.S. 

G. S. Hartley, D.Sc. 

Prof. H. W. Melville, Ph.D., F.R.S. 


Honorary Treasurer 
R. E. Slade, D.Sc. 


Chairman of the Publications Committee 
Prof. E. A. Guggenheim, M.A., Sc.D., F.R.S. 


Ordinary Members of Council 


Dr. a. E. Alexander, M.A., Ph.D. 
Prof. C. E. H. Bawn, Ph.D. 

J. Ferguson, Ph.D. 

G. Gee, Sc.D. 

Sir Charles Goodeve, O.B.E., 
D.Sc., F.R.S. 

R, Lessing, Ph.D. 


W. G. l^KNNEY, O.B.E., D.Sc., F.R.S. 
Prof. J. T. Randall, D.Sc., F.Inst.P., 
F.R.S. 

Sir Robert Robertson, K.B.E., 
D.Sc., F.R.S. 

G. B. B. M. Sutherland, M.A., Ph.D. 


4. The Society’s Auditors, Me.ssrs. Knox Cropper & Co., were re-appointcd. 

5. The thanks of the Society were accorded with acclamation to the retiring 
Officers and Members of Council. 

This concluded the business of the meeting. 



CORRIGENDA 


Vol. 43, 1947 : 

Plate facing page 396. The three patterns shown as (h), (a) and (h) 
of Fig. I should be (c), (/) and (g) of Fig. 4, and vice versa. 

Vol. 44, 1948: 

Page 192, Fig. i. The legend should read Disproportionation of (^aAsCl. 
At 252° c. —O— ^2AsCl2 —A— MsClg —Y— ^aAs. 

At 304° c. -- 0 -- ^^aA^sCla --A— ^sCla --Y-- ^^As. 

,, 193, Fig. 2. Add to legend - - O - - i^^AsCla uncatalyscd reaction. 

Fig. 3. The legend should read Disproportionation of ^AsClg. 

At 256° c. —A— <^AsCla —O— <^aA^Cl —AsClj. 
At 304*" c. - - A - - MsCla. 

,, 267. The legends of Fig. i and Fig. 2 should be interchanged. 

,, 345, 1 . 4. Delete as finally revised 17th March, 1947. 

,, 346, cqn. (i). For read • 

M 35i> Fig. 1(6). For structures structure. 

*» 352, 1 . 5. For indices (hkl) read indices (hk). 

»» 352, 3rd para., 1 . 3-4. For liquid. ... An oriented aggregate 

read liquid. In some experiments, an oriented aggregate. 

»» 352, 3rd para., 1 . 6. For with the liquid, as follows. The mineral 

read with the liquid. In most Ccises, however, a different method 
was used. The mineral. 

*» 357. Table I. Add io list of code letters, k — treated with liquid 

at 200°, 

»> 35^> 2nd para., 1 . 8. For is read would be. 

,, 360, last para., 1 . 18-19. For In contrast to read In contrast, with. 

,, 363, legend to Fig. 5. For {a) glycol read (a) glycerol. 

For (e) Cyclohexane read (e) Cyclohexanol. 

,, 364, 2nd para, from foot of page is legend tt) Table II. 

,, 366, 1 . 22. For suggests that the water read suggests that, in the 

vermiculites, the water. 

„ 366, 1 . 36. For e.g. octophyllite read e.g. a particular sample of 

octophyllite. 

,, 396. Table VIII, columns i and 3. The numbers within chain 

brackets refer to G, G -f- Sj and Sg respectively in vertically 

descending order. Column 5. Delete gel G. 

*» 397> Table IX, column 3. Type to be moved one line up. 

,, 403, eqn. (20). For Ej read E. 

o 799» eqn. (23). For read l-\ 
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